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Referat:
Die vorliegende Arbeit beschreibt den Verlauf der Forschung von der Entwicklung einer neuar-
tigen Methode der gepulsten Laser-Plasmaabscheidung (PLD) über die Untersuchung der
ternären In- und Al-Legierungssysteme von metastabilem orthorhombischen κ-Ga2O3 auf der
Basis dieser Methode hin zu Multi-Quantengraben (QW) Supergitter (SL) Heterostrukturen
für transparente Quantengrabeninfrarotphotodetektoren (QWIPs). Im ersten Teil wird die
Methode, welche vertical continuous composition spread (VCCS) PLD genannt wird, einge-
führt und am MgxZn1−xO Legierungssystem erprobt. Die Methode erlaubt die Kontrolle
der Komposition von Dünnfilmen über die radiale Position des PLD Laserspots auf der
Targetoberfläche. Das ist eine wichtige Voraussetzung für die Bestimmung der komposi-
tionsabhängigen Eigenschaften der Legierungssysteme und für präzise Profile der physikalis-
chen Eigenschaften in Wachstumsrichtung für das Design von Bauelementen. Die Dünn-
filme mit 0 ≤ x ≤ 0.4 zeigen die gleichen Eigenschaften wie solche, die mit Standard-PLD
abgeschieden wurden. Numerische Modelle werden präsentiert, welche die Dünnfilmkomposi-
tion exakt vorhersagen. Im zweiten Teil werden κ-Ga2O3 Dünnfilme durch die Beigabe von
Zinn während des PLD Prozesses stabilisiert. Die Dünnfilme weisen hohe kristalline Qual-
ität, glatte Oberflächen und große Bandlücken (Eg ≈ 4.9 eV) auf. Ein Wachstumsmodell wird
präsentiert, welches Zinn als Oberflächenschicht beschreibt. Im dritten Teil werden die In- und
Al-Legierungssysteme von κ-Ga2O3 mittels VCCS PLD untersucht. Die Löslichkeitsgrenzen
xIn . 0.35 und xAl . 0.65 sind die höchsten bislang berichteten. In- und out-of-plane Git-
terkonstanten wurden in Abhängigkeit der Zusammensetzung bestimmt und Eg konnte von
4.1 eV bis 6.4 eV variiert werden. Die Position des Valenzbandmaximums wird als unabhängig
von der Komposition gezeigt, womit die Variation in Eg den Leitungsbandunterschieden
gleicht und Detektionsbereiche vom fernen IR bis in das Sichtbare für QWIP-Anwendungen
bedeutet. Berechnungen anhand dieser Ergebnisse ergeben Polarisationsladungsdichten an
Grenzflächen von Heterostrukturen gleich oder höher derer im etablierten AlGaN/GaN Sys-
tem, welche wichtig zur Polarisationsdotierung zur Besetzung des Grundzustandes in QWIPs
sind. Dies bestätigt das große Potential der κ-Phase. Im letzten Teil werden erste kohärent
gewachsene κ-(AlxGa1−x)2O3/Ga2O3 SL Strukturen untersucht. Glatte Grenzflächen im Bere-
ich weniger Monolagen werden gezeigt und es konnten kritische Dicken für die κ-Ga2O3 QW
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Abstract:
The presented thesis describes the research path from the development of a novel pulsed
laser deposition (PLD) technique over the exploration of the ternary In- and Al-alloy systems
of metastable orthorhombic κ-Ga2O3 employing this technique towards multi-quantum well
(QW) superlattice (SL) heterostructures for solar-blind quantum well infrared photodetector
(QWIP) applications. In the first part, the PLD technique called vertical continuous compo-
sition spread (VCCS) PLD employing radially-segmented targets is established and tested on
the well-known MgxZn1−xO alloy system. The technique enables direct control of the chemi-
cal composition of thin films by a variation of the radial position of the PLD laser spot on the
target surface. This is a prerequisite for a discrete compositional screening of alloy properties
and the exact tailoring of physical parameters in growth direction for heterostructure device
design. The resulting thin films with 0 ≤ x ≤ 0.4 exhibit the same quality as thin films de-
posited by standard PLD and numerical models are presented that precisely predict the thin
film composition. In the second part, κ-Ga2O3 thin films are stabilized by the addition of tin
in the PLD process. The thin films show a high crystalline quality, smooth surfaces and large
bandgaps (Eg ≈ 4.9 eV). A growth model is proposed based on tin acting as surfactant. In the
third part, the In- and Al-alloy systems of κ-Ga2O3 are explored by VCCS PLD. Solubility
limits of xIn . 0.35 and xAl . 0.65 are the highest reported to date. In- and out-of-plane
lattice constants were determined as function of alloy composition and bandgap engineering
from 4.1 eV to 6.4 eV is feasible within these limits. The energetic position of the valence band
maximum was found independent on chemical composition such that the change in bandgap
equals the conduction band offset rendering wavelength ranges from far IR to the visible
spectral range in QWIP applications possible. Calculations based on these results found po-
larization charge densities at the interfaces of corresponding heterostructures on par or larger
than for the established AlGaN/GaN system important for polarization doping to populate
the ground state in QWIPs. This corroborates the high potential of the κ-phase. In the
last part, first coherently grown κ-(AlxGa1−x)2O3/Ga2O3 SL heterostructures are presented.
Smooth interfaces of the order of a few monolayers are confirmed and critical thicknesses for
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Complex semiconductor heterostructures in devices are nowadays part of our daily life.
As active component in light emitting diodes (LEDs), they illuminate our homes, are
used to guide our way through the night as headlights in our cars [1-4] and in modern
Blue-ray players they are part of data read-out within blue Laser-LEDs [1]. For the de-
velopment of the blue GaN-based LED, Isamu Akasaki, Hiroshi Amano and Shuji Naka-
mura even received the Nobel Prize in Physics in 2014 [5]. Environmentally-friendly
energy harvesting technologies such as wind turbines or photovoltaic plants as well as
engines in electric cars rely on heterostructure power devices such as high-electron mo-
bility transistors (HEMT) for energy conversion [6-8]. Within sophisticated quantum
well-infrared photodetector (QWIP) heterostructures, multi-quantum well (QW) su-
perlattices (SLs) detect thermal radiation in modern infrared cameras [9-13].
QWIPs are a special class among infrared detectors as they rely on transitions between
quantized electron sublevels, i.e. between a populated electronic ground state and ex-
cited states, within multi-QW heterostructures. Here, a semiconductor material with
a lower bandgap, the QW, is repeatedly sandwiched between a material with higher
bandgap, the barrier, forming a potential well in the conduction band whose depth is
determined by the conduction band offsets; quantum-confinement effects including the
electron sublevel states result from this [10,14]. The special feature of these devices is
the fact that, apart from the infrared range they are designed for, they are unaffected
by any radiation with photon energies below the fundamental bandgap of the QW
material, i.e. the device is transparent in this range and the radiation cannot cause
unwanted signals from excited carriers.
By employing wide-bandgap semiconductors instead of usually used AlGaAs/InGaAs
QWIPs, devices transparent to the human eye (for bandgaps larger than 3.1 eV) or
even solar-blind devices (bandgaps larger than 4.4 eV), i.e. they are not effected by
any part of the solar spectrum, would be feasible. Moreover, commercially available
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AlGaAs/InGaAs QWIPs need sufficient cooling to reduce otherwise large dark currents
caused by the low bandgap of the materials [13]. This would also not be the case for
wide-bandgap semiconductors.
Wide-bandgap QWIP applications might then be utilized as infrared cameras inte-
grated within the visors of firefighter helmets to search for missing persons in house
fires or to efficiently locate fires, in intelligent windows actively reacting to thermal
radiation or in extraterrestrial astronomy for infrared mapping in outer space, when
they are solar-blind.
Current state of the art wide-bandgap QWIPs are based on AlxGa1−xN/GaN SLs [15,
16]. Since these materials exhibit spontaneous electrical polarization as well as strain-
induced piezoelectric polarization that change with the Al-content, the discontinu-
ous polarization at coherent AlxGa1−xN/GaN interfaces leads to polarization charges.
These charges are compensated by charge carriers from the barrier such that a two-
dimensional electron gas (2DEG) can form at the interface [17]. This effect is called
polarization doping. The 2DEGs typically feature large carrier densities (> 1013 cm−2)
as well as mobilities (≈ 2000 cm2 (Vs)−1) [8, 18, 19] and are utilized to populate the
electronic ground state of the QWs without extrinsic doping [20] or as channel layer in
high electron mobility transistor (HEMT) structures [7, 17,18].
However, GaN exhibits a bandgap of only 3.4 eV [16,21], such that transparency in the
visible spectral range is possible, but solar-blindness of QWIP applications would be
hard to reach, especially since the bandgap of the AlxGa1−xN alloy barrier is limited
to 6.2 eV for AlN [17].
The group III sesquioxide alloy systems of Ga2O3, Al2O3 and In2O3 might be a proper
choice to resolve these issues, since Ga2O3 has a larger bandgap of around 4.9 eV [21-
25] in the thermodynamically stable monoclinic β-modification, which is tunable by
alloying in a large expected range from the value of cubic bixbyite In2O3 (2.7 eV) up
to 8.8 eV for rhombohedral α-Al2O3 [23].
There are already reports on 2DEG formation in homoepitaxial β-(AlxGa1−x)2O3/Ga2O3
heterostructures within HEMT structures [26-29] as well as QW heterostructures [30].
However, this phase does not possess spontaneous or strain-induced electric polariza-
tions such that a careful design of the concentration and location of a Si δ-doped layer
within the β-(AlxGa1−x)2O3 barrier is necessary to stabilize a 2DEG. Further, 2DEG
densities are still limited to values of ≈2-5·1012 cm−2 with only moderate mobilities of
100-200 cm2 (Vs)−1 at room temperature [26-30].
The metastable orthorhombic κ-modification of Ga2O3 is a promising candidate to
resolve these issues. It is the only known polymorph of Ga2O3 that is theoretically
expected to exhibit a spontaneous electrical polarization along its c-direction. The
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value of this polarization ranges from ≈ 23 − 26µC/cm2 [31-33] and is one order of
magnitude larger than for GaN [31-34], such that even higher 2DEG densities can be
expected. It exhibits a similar large bandgap of≈ 4.9 eV [35-39] as the monoclinic phase
and can be deposited heteroepitaxially by many different growth techniques including
pulsed laser deposition (PLD) [35,40-42], halide vapor phase epitaxy (HVPE) [39,43],
metal-organic chemical vapor deposition (MOCVD) [38, 44-48], metal-organic vapor
phase epitaxy (MOVPE) [49-51, E5], atomic layer deposition (ALD) [45], molecular
beam epitaxy (MBE) [52], plasma-assisted molecular beam epitaxy (PAMBE) [53]
and mist-chemical vapor deposition (CVD) [36, 37, 54-57]. n-type conductivity can be
achieved by Si- or Sn-doping [50]. Further, isostructural alloying with indium or alu-
minium is possible, reports on the alloy systems however are scarce [37, 56] and the
composition-dependent variation of bandgaps, band offsets, lattice constants and po-
larizations largely unknown.
State of the art QWIP structures [10, 58], more sophisticated quantum-cascade de-
vices [11, 16, 58, 59] as well as heterostructures in general feature carefully designed
bandstructure, doping, strain as well as polarization profiles in growth direction to
optimize charge carrier density profiles, transition probabilities between electronic sub-
levels and tunneling probabilities of excited states for efficient device performance.
Therefore, research on such sophisticated devices requires two important prerequisites
for the employed thin film deposition method:
1. Complete knowledge of properties of the alloy systems and their tunability during
growth in dependence on the chemical composition, such as evolution of bandgaps,
the energetic positions and offsets of the conduction band minimum or valence band
maximum, dielectric constants, as well as spontaneous polarizations. Especially
in the case of polarization doping, the knowledge of in- and out-of-plane lattice
constants, piezoelectric and elastic stiffness constants and critical thicknesses for
pseudomorphic growth is crucial since strain and resulting polarizations need to be
modeled as well.
2. Complete control and reproducibility of the chemical composition of the alloys or
dopant concentrations in growth direction within sub nm precision to tailor the
profiles of the mentioned properties to match the design of devices.
PLD is a versatile, flexible and cost-effective growth technique on research level [60-
65,E21] that unfortunately lacks both of these requirements within its standard process.
It relies on the ablation of ceramic target pellets in a vacuum chamber by a high-
energy laser. The surface of the target is locally melted, evaporated and ionized such
that a plasma plume forms. The particles within the plume can condense on a heated
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substrate opposite to the target. The flexibility of PLD is given by the possibility
that the particle source, i.e. the ceramic pellet, can be changed as desired and the
gas atmosphere can be adjusted within a broad range of gases and pressures since the
method does not rely on thermal particle fluxes or a careful adjustment of precursors
as in MBE or MOCVD. However, due to the typically stoichiometric transfer from
target to thin film layer, the chemical composition of a thin film layer per target is
fixed, such that a complete screening of an alloy system as prerequisite of point 1
requires a large number of differently composed targets. Additionally, the amount of
layers with different chemical composition that can be grown on top of each other
without vacuum break is limited by the number of targets that can be mounted in the
vacuum chamber. Point 2 is therefore only possible to a very limited extend, especially
continuous gradients of the composition of thin film layers in growth direction required
for more sophisticated band or dopant profiles are impossible. Although there are
alloy systems, e.g. (InxGa1−x)2O3 and (AlxGa1−x)2O3 [66, 67], where the transfer of
elements from the target to the thin film is dependent on process parameters, just
these typically carefully optimized parameters need to to be varied for each alloy layer
deprimenting the thin film quality. This can therefore not be a proper solution for the
manipulation of chemical compositions, but the particle flux in the PLD plasma needs
to be controlled.
Several approaches emerged to overcome these issues, among those are e.g. movable
mask setups [68-71] that rely on subsequent ablation of two different targets to create
lateral composition gradients for a material library or multi-beam [72] as well as com-
plicated movable mirror [73, 74] setups for the simultaneous or subsequent ablation of
two targets for composition gradients in growth direction, respectively. However, two
lasers or a careful adjustment of movable parts are necessary in these approaches.
Within the Semiconductor Physics Group at Leipzig University, a different approach
was established based on one azimuthally-segmented target with different compositions
in each segment in combination with a synchronized rotation of substrate and target
and an offset between plasma plume and substrate center called continuous composi-
tion spread (CCS) PLD [75]. The same half of the target then always faces the same
half of the substrate during ablation, which causes a lateral composition gradient on
the substrate. This way a material library can be achieved fast and by using only
one target and substrate. However, although such a sample allows efficient and fast
screening of alloy properties, the precise determination of properties such as in-plane
lattice constants, electrical polarizations or critical thicknesses for coherent growth is
not feasible within this technique since these require laterally homogeneous samples.
Moreover, a control over the chemical composition in growth direction is not possible.
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A technique is therefore needed that relies on the ablation of one target and enables
control of the particle flux composition in the PLD plasma to: Firstly, manipulate
the chemical composition of laterally homogeneous samples without target change to
create a discrete compositional screening (DCS) by a series of thin film samples with
different composition. Secondly, vary the chemical composition in-situ and precisely to
control the alloy or dopant profile in growth direction.
The objectives of this thesis can therefore be summarized in two points:
• Experimental implementation and numerical modeling of a PLD technique based on
segmented targets that is able to fulfill the requirements above.
• Stabilization, optimization and exploration of orthorhombic κ-Ga2O3 and its In- as
well as Al-alloy systems employing the novel technique to exploit their potential for
multi-quantum well superlattice heterostructures in QWIP applications.
These objectives will be tackled within this cumulative thesis in the following four
parts:
I Establishment of radially-segmented target PLD
The so called vertical continuous composition spread (VCCS) PLD technique based
on radially-segmented targets will be introduced and modeled in Ref. [E16] (sec-
tion 4.1). Thin films of the already established and extensively investigated alloy
system MgxZn1−xO with different Mg-content were deposited by this novel technique
using one elliptically-segmented Mg0.4Zn0.6/ZnO target by changing the radial position
of the PLD laser spot on the target surface. The structural, morphological and optical
quality of the layers will be compared to thin films grown by standard PLD with sim-
ilar Mg-contents. X-ray diffraction (XRD), atomic force microscopy (AFM) and low
temperature photoluminescence (PL) spectroscopy will be utilized to evaluate these
properties. Further, MgxZn1−xO thin films whose compositions in growth direction
are step-graded are deposited by an in-situ change of the radial laser spot position.
By low temperature PL spectroscopy, optical quality and interdiffusion of Mg atoms
between the ≈ 20 nm thick single layers will be investigated to evaluate the precision
of the VCCS PLD technique. In Ref. [E7], the process will be reviewed and the mod-
eling refined based on Monte-Carlo-Simulations to account for non-idealities of target
geometry and laser spot shape. Additionally, alternative target segmentations towards
a linear dependence of alloy composition as function of the radial position of the laser
spot on the target are evaluated. A brief introduction to the numerical modeling of
the expected thin film compositions can also be found in section 3.1.1.
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II Tin-assisted stabilization of orthorhombic κ-Ga2O3
The orthorhombic κ-phase will be stabilized as heteroepitaxial thin film layer on several
substrates by tin-assisted standard PLD in Ref. [E6] (section 4.2). The objective is to
understand and optimize the growth of κ-Ga2O3 as basis for further research on the
alloys. The growth parameter window to stabilize this phase, lattice constants and epi-
taxial relationships will be determined by XRD and reciprocal space map (RSM) mea-
surements. Bandgaps will be evaluated by transmission measurements and a growth
model is developed based on depth-resolved X-ray photoelectron spectroscopy (XPS).
An introduction and refinement of this model is further given in section 2.2.2.
III Exploration of κ-(InxGa1−x)2O3 and κ-(AlxGa1−x)2O3
The alloy systems of κ-Ga2O3 are explored within this part (section 4.3) based on
the established VCCS PLD technique. The solubility limits, growth mode, crystalline
quality, surface morphology, in- and out-of-plane lattice constants and optical bandgaps
in dependence on the composition of the alloy systems shall be determined by energy
dispersive X-ray spectroscopy (EDX), XRD, RSMs, AFM, transmission spectroscopy
and spectroscopic ellipsometry in Refs. [E8,E9]. Additionally, first κ-(InxGa1−x)2O3/κ-
Ga2O3 and κ-(AlxGa1−x)2O3/κ-Ga2O3 heterostructures are evaluated. In Ref. [E2],
conduction and valence band offsets of the alloy systems to MgO as reference dielectric
as function of x, crucial for the simulation and the possible wavelength range of QWIP
heterostructures, will be determined by XPS. The potential of these heterostructures
for 2DEG formation will be evaluated in section 2.2.3 based on these results.
IV Growth of κ-(AlxGa1−x)2O3/κ-Ga2O3 superlattice heterostructures
Based on the findings of parts I-III, first superlattice (SL) heterostructures shall be
deposited both by standard and VCCS PLD at the objective to evaluate the poten-
tial for QWIP applications in Ref. [E1] (section 4.4). VCCS PLD was employed for
the κ-(AlxGa1−x)2O3 barrier layer to determine the Al-content range for which high-
quality SL growth is feasible. For SLs grown by standard PLD for fixed Al-contents
of xAl = 0.17 and 0.3 in the barrier, the growth mode and interface quality of the SL
structures are assessed by XRD and RSM measurements in dependence on QW as well
as barrier thicknesses. The critical thickness for coherent growth of κ-Ga2O3 in these
heterostructures, important for the performance of QWIP devices, shall be estimated
by single QW heterostructures and compared to application-relevant QW thicknesses.
Optical transitions of the SLs are determined by transmission spectroscopy and the





ZnO is a semiconductor material with a wide bandgap of ≈ 3.3 eV at room temperature
that crystallizes in wurtzite structure with a = 3.250Å and c = 5.207Å and exhibits a
large excitonic binding energy of ≈ 60meV [76]. MgO crystallizes in rocksalt structure
with a = 4.212Å and is an insulator with a bandgap of 7.8 eV at room tempera-
ture [77, 78]. The bandgap of wurtzite MgxZn1−xO can be tuned up to ≈ 4.5 eV [79].
Typically, at x ≈ 0.5 phase separation to the cubic rocksalt phase occurs [79]. This
material was chosen for the establishment of the VCCS PLD technique since the PLD
growth of this phase has been already intensively investigated within the Semiconduc-
tor Physics Group at Leipzig University, see for example Refs. [75,80-85]. Additionally,
composition-graded MgZnO layers might serve as active layers in ultra-compact UV
wavemeters [86], for which the VCCS PLD technique developed within this thesis [E16]
would be predestined. More information on this alloy can be found in Ref. [E16] within
the cumulative part of this thesis.
2.2 Ga2O3: Polymorphs, Growth and Alloys
Ga2O3 is a wide-bandgap semiconductor that attracted tremendous research interest
for power device applications within the last decade due to its predicted large electric
breakdown field of ≈ 8MV/cm [21, 89]. A variety of different polymorphs are known
including monoclinic β-, orthorhombic κ-, hexagonal ε-, rhombohedral α-, cubic δ- and
γ-Ga2O3 with defect spinel structure [49,90,91], although δ-Ga2O3 has been found to be
actually composed of nanocrystalline ε-Ga2O3 without being a distinct polymorph [91].
Similarly, recent reports found that ε-Ga2O3 consists of three nanocrystalline rotational
domains of κ-Ga2O3 [49]. The polymorphs feature different ratios of octahedrally (Oh)
7
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(a) (b)
Figure 2.1: Unit cells of (a) the thermodynamically stable monoclinic β-phase and (b)
the metastable orthorhombic κ-modification of Ga2O3. Gallium atoms are given in green,
oxygen atoms in red. Octahedrally coordinated lattice lattice sites are indicated by light
green octahedra, tetrahedrally coordinated ones by dark green tetrahedra. Images created in
VESTA [87] based on the crystal data given in Refs. [88] and [49].
to tetrahedrally (Td) coordinated Ga lattice sites that can be given as 1 : 1 (β), 2 : 1
(γ), 3 : 1 (κ) and 1 : 0 (purely octahedral, α) [49, 91], see also Fig. 2.1 for β- and
κ-phase unit cells.
The thermodynamic stability of the polymorphs can be ranked as β > κ > α > γ,
with monoclinic β-Ga2O3 as the thermodynamically stable modification at ambient
conditions. Due to that, β-Ga2O3 is the only phase for which bulk single crystals
can be grown from the melt that are already commercially available as wafers up to
4” in diameter [92]. Its monoclinic unit cell (C2/m symmetry) exhibits lattice con-
stants of a = 12.214Å, b = 3.037Å , c = 5.798Å and β = 103.83◦ [88] (see also
Fig. 2.1 (a)) and it features a large bandgap in the range of 4.5− 4.9 eV at room tem-
perature [21-25]. The possibility of homoepitaxial growth as well as n-type doping, e.g.
with Si, Sn or Ge [25], resulted in an overwhelming amount of research on electronic
and optoelectronic devices, such as Schottky barrier diodes [93-97], field-effect transis-
tors [21,89,98-102], HEMT structures [26-30] or solar-blind UV photodetectors [93-95].
A complete overview over the properties of Ga2O3, its polymorphs, alloys and corre-
sponding devices can be found in several extended reviews [21-25].
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2.2. Ga2O3: Polymorphs, Growth and Alloys
2.2.1 Orthorhombic κ-Ga2O3
The metastable κ-phase of Ga2O3 features a similar large bandgap of ≈ 4.9 eV at room
temperature [35-39,E6] as the β-modification, but crystallizes in the orthorhombic crys-
tal system (symmetry group Pna21 [49, 91, 103]) with a = 5.046Å , b = 8.702Å and
c = 9.283Å [49], see also Fig. 2.1 (b). This is an ordered subgroup of the hexago-
nal symmetry group P63mc [91] of ε-Ga2O3 to which thin films of this modification
are often accounted to. However, recent reports based on transmission electron mi-
croscopy [49] as well as X-ray diffraction [37, 52,E5,E6] found that ε-Ga2O3 actually
consists of three rotational orthorhombic domains rotated by 120◦ with respect to each
other. Yet, there is still confusion in literature about the nomenclature ε/κ one should
be aware of. κ-Ga2O3 can be synthesized heteroepitaxially by a variety of different
methods [35-57,E5,E6,E13] that are given in detail in the introduction of this thesis.
However, the three nanocrystalline rotational domains could not be suppressed until
now and the growth is always (001)-oriented.
The band structure of this polymorph has been investigated theoretically [33, 51, 104]
as well as experimentally [51]. It exhibits a similar energy alignment and flat valence
band maximum as the monoclinic phase [104-106] accompanied by polaronic trapping
of holes that renders p-type conduction difficult [107,108], as typical for wide-bandgap
oxides. However, n-type doping is feasible by intrinsic doping with Si or extrinsic
doping with Sn up to n ≈ 3 · 1018 cm−3 [50]. In the PLD grown layers within this
cumulative thesis, however, the domain boundaries of the rotational domains seem to
suppress the electrical transport. Nevertheless, few reports on UV photodetectors are
already available [109-111].
The important unique feature among the Ga2O3 polymorphs is its theoretically pre-
dicted large spontaneous electrical polarization of ≈ 23 − 26µC/cm2 [31-33] along its
c-direction that would enable polarization doping as described in section 2.3. However,
other calculations yield lower values of ≈ 0.2µC/cm2 [46, 49] and first ferroelectric
hysteresis measurements [46] yielded a much lower value of ≈ 0.0092µC/cm2. That is
a large discrepancy which still needs to be resolved for efficient 2DEG formation.
2.2.2 Growth of κ-Ga2O3
The growth process of this phase is not yet fully understood. Due to its metastable
nature, there is only a specific growth parameter window for its formation and/or
additional catalysts are needed in typical deposition techniques. In MOCVD growth,
for example, oxidizing precursors such as O2 [38,44,119] or H2O [45,120,E5] are needed
for its stabilization, while for HVPE, HCl might act as catalyst at certain flow rates [48].
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Figure 2.2: Possible growth mechanisms for the tin-assisted synthesis of κ-Ga2O3: (a) a
catalytic process as given by Kracht et al. with tin acting as catalyst. (b) VLS [112-115] or
oxygen assisted [116,117] growth mechanism based on a liquid Sn or Sn-O alloy layer floating
on top of the growing thin film surface as proposed within Ref. [E6]. (c) A combination of
mechanisms (a) and (b) as described in the text, adapted from [118].
The MBE [53, 121, 122] and PLD growth [66, 67] of Ga2O3 is heavily governed by the
formation of volatile Ga2O suboxides that are catalyzed by the presence of a Ga2O3
surface in metal-rich growth conditions (low oxygen pressures) and/or at high growth
temperatures [121]. This process reduces growth rates of monoclinic layers in metal-rich
conditions or even can etch already existing Ga2O3 surfaces in MBE. However, this can
be prevented by the so called metal-exchange catalysis using In as catalyst [53, 122].
Growth rates of Ga2O3 can be tremendously increased or even thin films grown at
etching conditions by the rapid formation of In2O3 and the catalytic oxidation of Ga
by this species to Ga2O3. At certain growth parameters, the κ-phase forms in this
process without significant incorporation of In [53]. A similar behavior of an extended
growth window and stabilization of κ-Ga2O3 has been observed by Kracht et al. by
adding tin in the MBE process [52]. The authors explained that with a monolayer of
tin oxide at the surface and similar catalytic reactions as in the case of In:
Ga2O + 2SnO2 → Ga2O3 + 2SnO (2.1)
Ga2O + 2SnO → Ga2O3 + 2Sn (2.2)
Ga2O + SnO2 → Ga2O3 + Sn . (2.3)
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These reactions should occur spontaneously due to negative values of the Gibbs energy
for all reactions. Sn can then be oxidized again to repeat the catalytic cycle, see also
Fig. 2.2 (a).
In PLD growth, tin is needed as well to stabilize this polymorph as found already in
2002 by Orita et al. [40] and in [E6] as part of this thesis. However, in depth-resolved
XPS measurements [E6], a several nm thick tin-enriched surface layer was found, signif-
icantly larger than a monolayer. A different model based on a vapor-liquid-solid (VLS)
mechanism therefore was proposed, see Fig. 2.2 (b). A liquid tin or tin-oxygen alloy
layer is floating on top of the growing thin film and Ga, Ga2O, Ga2O3 or O species from
the PLD plasma are entering the liquid layer. At the interface of this supersaturated
alloy layer to the substrate, Ga2O3 then crystallizes in the κ-modification. This process
is similar to the VLS [112-115] or oxygen-assisted [116,117] growth of nanowires, only
that the liquid alloy wets the complete surface in this case resembling the surfactant-
mediated growth of Si on Si (111) by a liquid Sn layer [123].
Philipp Storm proposed in his master thesis [118] a combination of both approaches,
see Fig. 2.2 (c). Species from the PLD plasma enter the liquid alloy similar as in the
previous approach (i), they diffuse to the growing κ-Ga2O3 interface and are there cat-
alyzed to Ga2O (ii), which tin oxide species in the liquid alloy then catalyze to Ga2O3
as in the model by Kracht et al. (iii). The tin diffuses to the liquid-gas surface and can
get oxidized again (iv) to repeat the catalytic cycle and Ga2O3 crystallizes as κ-Ga2O3
(v). An additional effect of the tin capping in the models in Fig. 2.2 (b) and (c) is that
the adsorption of volatile Ga2O is suppressed.
The exact mechanisms of the stabilization of the κ-phase, however, is not yet under-
stood. Kracht et al. [52] argued that due to the preferred octahedral coordination and
size of tin, the stabilization of a crystal structure with a higher share of octahedral
sites than the monoclinic structure is preferred when Ga2O3 is grown in the presence
of tin whose ratio is larger in κ-Ga2O3. Xu et al. [124] made lattice mismatch induced
strain responsible for the formation of κ-Ga2O3 in MOCVD, similar to Chen et al. who
additionally argued with different temperature dependencies of the free energies of β-
and κ-phase [119]. Possible would also be a change in interface energies in favor of
the κ-phase in the presence of a liquid tin alloy atmosphere. However, further research
needs to be performed on this issue.
2.2.3 κ-(InxGa1−x)2O3 and κ-(AlxGa1−x)2O3
The alloying of Ga2O3 with indium or aluminium changes lattice constants, bandgap
energies as well as band offsets of the system. Alloying with indium/aluminium de-
creases/increases the bandgap of the alloy and increases/decreases the lattice constants,
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respectively [23,25]. Both cations prefer the Oh sites in the lattice of the Ga2O3 poly-
morphs [125, 126]. Since the thermodynamically stable phases of Al2O3 and In2O3
exhibit rhombohedral (α-Al2O3, sapphire) and cubic bixbyite structure [23,25], respec-
tively, phase separation is expected at certain Al- and In-contents in dependence on
the exact polymorph. Apart from the reports within the Semiconductor Physics Group
in Leipzig on PLD grown layers and heterostructures [E1-E3,E8,E9,E13], from which
a majority are part of this cumulative thesis, only few reports on heteroepitaxy of
κ-(InxGa1−x)2O3 [56] or κ-(AlxGa1−x)2O3 [37] layers are present by mist-CVD.
The highest reported contents of the κ-phase are for the mist-CVD grown layers
xIn ≈ 0.2 [56] and xAl ≈ 0.4 [37]. These can be significantly enhanced by tin-assisted
combinatorial PLD growth to xIn ≈ 0.35 [E8,E13] and xAl ≈ 0.46 [E3,E9] for a depo-
sition on Al2O3 (001) substrates. By the growth on κ-Ga2O3 thin film templates, even
xAl ≈ 0.65 is feasible [E9].
Within this range, the bandgap can be reduced from the value of κ-Ga2O3 down to
4.1 eV by alloying with indium and increased up to expected 6.4 eV with aluminium
incorporation for the highest contents, respectively [E8, E9]. Since the position of
the valence band maximum has been found to be almost independent on the alloy
composition within this cumulative thesis [E2], the difference in bandgap equals the
conduction band offset within κ-(InxGa1−x)2O3/κ-(AlyGa1−y)2O3 heterostructures. A
large wavelength range in QWIPs from the infrared to the visible spectral range is
therefore feasible while transparency within the spectral range of the solar spectrum is
still ensured.
Based on theoretical calculations [32], the spontaneous electrical polarization is ex-
pected to change for the alloy systems from Psp = 24.2µC/cm2 for κ-Ga2O3 to
Psp = 27.5µC/cm
2 and Psp = 52.5µC/cm2 for the isostructural κ-Al2O3 and κ-In2O3
polymorphs, respectively. Further, with the piezoelectric stress constants eij and elas-
tic stiffness constants Cij for κ-Ga2O3 given in Ref. [32] as well as the in-plane lattice
constants determined within the cumulative part of this thesis [E8, E9], the piezo-
electric polarization Ppz of fully-strained κ-Ga2O3 in κ-(InxGa1−x)2O3/Ga2O3 and κ-
(AlxGa1−x)2O3/Ga2O3 heterostructures can be estimated. The total polarization in-
duced charge density σ = −~∇ · ~P due to the discontinuous electrical polarization at
the interface of the heterostructure can then be calculated as [17,127,128]:
σ = − [Psp(Ga2O3)− Psp((Al/InxGa1−x)2O3)]− Ppz(Ga2O3)(x) , (2.4)
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(a) (b)
Psp
Figure 2.3: (a) Theoretically estimated polarization induced charge density at the interface
of κ-(InxGa1−x)2O3/Ga2O3 and κ-(AlxGa1−x)2O3/Ga2O3 heterostructures as function of x.
Spontaneous electrical polarizations Psp, piezoelectric stress constants eij and elastic stiffness
constants Cij of the alloy layers were linearly interpolated from the values for κ-Ga2O3, κ-
Al2O3 and κ-In2O3 as given in [32]. Data on AlxGa1−xN/GaN heterostructures was taken
from Ref. [128]. (b) Directions of ~Psp and ~Ppz for the four different cases in (a). The strain
state of the strained layer and the sign of the polarization charges are indicated.
which gives (depending on polarization directions) for a (001)-oriented orthorhombic
system [17,32,127,128]:
σ = ± [Psp(Al/In2O3)− Psp(Ga2O3)]x−
[





ε‖ is the in-plane strain of the κ-Ga2O3 layer as defined in eq. 2.9. The result is
shown in Fig. 2.3 (a) as function of x for the given orientations of ~Psp and ~Ppz, see
Fig. 2.3 (b). A similar result is obtained when the alloy layer is fully-strained and
the κ-Ga2O3 is relaxed (dashed lines in Fig. 2.3). These indicate similar charge den-
sities in the case of κ-(AlxGa1−x)2O3 as for AlGaN/GaN heterostructures and even
larger ones for κ-(InxGa1−x)2O3 [17, 128]. Similar or even larger 2DEG densities at
κ-(InxGa1−x)2O3/κ-(AlyGa1−y)2O3 heterostructure interfaces than for this established
system can therefore be expected and may be deployed in future devices.
There are already reports on devices based on the monoclinic In- as well as Al-alloy
systems as well as corresponding heterostructures, such as solar-blind UV photodetec-
tors based on β-(InxGa1−x)2O3 [129, 130] as well as β-(AlxGa1−x)2O3 [131], Schottky
barrier diodes [132, 133], metal-semiconductor field effect transistors [134] or HEMT
structures based on β-(AlxGa1−x)2O3/Ga2O3 heterostructures and QW systems [26-
30]. Even SL heterostructures were reported for the β- [135, 136], α- [137] as well as
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γ-(AlxGa1−x)2O3/Ga2O3 system [138].
In the κ-modification, the only reports on such heterostructures are, to the best knowl-
edge of the author, given in this cumulative thesis [E1,E8,E9].
More details on the alloy systems of the other phases of Ga2O3 can be found in review
articles and references therein [21-25].
2.3 Superlattice Heterostructures
A SL is an artificial metamaterial consisting of periodically alternating layers of two
or more materials with different properties. That can be different doping structures
or varying chemical compositions of alloy layers or two completely different materials
that can tailor desired properties, e.g. multiferroic superlattices [139]. A SL is called
multi-QW SL, when one of the layers has a lower bandgap than the second one and a
potential well structure forms in conduction and/or valence band. The material with
the lower bandgap is the QW layer and the one with the higher bandgap serves as
barrier layer, with thicknesses tw and tB, respectively. A double layer with double layer
thickness (DLT) tDL = tw + tB, also called SL period, is then repeated several times,
as shown in Fig. 2.4 (b) for the κ-(AlxGa1−x)2O3/Ga2O3 system.
SLs can be employed as active layer for a variety of devices including LEDs [140-147],
Laser LEDs [1, 20, 148, 149], QWIP applications [9, 10, 12, 15, 20, 58] or HEMT struc-
tures [8, 150, 151]. Also, SL structures can be applied as passive layers, since they can
manage or even relieve large amounts of strain [152-155]. AlGaN/GaN SL structures
as buffer layers can for example be employed to grow crack free GaN layers [153,154].
Further, AlGaN/GaN electron blocking layers can be utilized in LED structures to
reduce piezoelectric effects in the active QW structures [156, 157], InGaN/GaN SLs
can serve as absorption layer in solar cells [158] and AlN/GaN SLs can be employed as
barrier layer for HEMT structures [159].
When tw is low enough (in the range of only a few nm), quantum-confinement effects
need to be considered. The wavefunction and energy of electrons and holes as well as the
conduction and valence band diagrams within this structure typically need to be calcu-
lated by a self-consistent solution of both Schrödinger and Poisson equation [160], since
the electrons and holes within the structure modify the potential significantly by their
spatial distribution given by the square of the respective wavefunctions. This system of
coupled partial differential equations is non-trivial and needs to be solved numerically.
Additionally, the calculations are further complicated due to spontaneous electrical Psp
and strain induced piezoelectrical Ppz polarizations that exhibit a sudden change at





Figure 2.4: Simulated conduction band profile, electron energy levels Ei and corresponding
wavefunctions given in the same color code for κ-(Al0.2Ga0.8)2O3/Ga2O3 SLs with tw and tB
as indicated. In (b) tB is low enough such that minibands form as explained in the text. Pink
arrows denote potential transitions in the infrared spectral range.
tures and cause polarization charges at the interfaces as well as band bending, see also















where V (z) is the potential without additional field, εr is the static dielectric constant
of the layers, ε0 is the vacuum permittivity, ρ(z) the charge carrier density given by the
wavefunctions as well as background charges and Pw/B = Psp,w/B +Ppz,w/B the electrical
polarization of QW and barrier layer, respectively. For a detailed description of QW
and SL calculations, refer to Refs. [10,14,145].
Numerical simulations, where a one dimensional Schrödinger/Poisson solver [160] was
employed, are shown in Fig. 2.4 (a) and (b) for two different barrier thicknesses of
κ-(Al0.2Ga0.8)2O3/Ga2O3 SLs. Here, values of the spontaneous polarizations of κ-
Ga2O3 and κ-Al2O3 from Ref. [32] were used and interpolated for the barrier layer.
The strain-induced polarization was neglected in this case. For the band offsets and
bandgaps, own experimentally determined values were used [E2, E8, E9]. The band
structure is heavily modified by the electric field causing the tilt in the conduction
band of QW and barrier layer. Further, the magnitude of the electron wavefunctions
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Figure 2.5: Magnified view of the conduction band structure and electron energies Ei as well
as wavefunctions of one quantum well in κ-(Al0.2Ga0.8)2O3/Ga2O3 SLs with different tw as
indicated. In (a), the first excited level E2 is aligned with the conduction band of the barrier.
tends to increase at one interface, i.e. depending on the position of the Fermi level
free charge carriers accumulate to screen the polarization charges and might form a
2DEG. This is called polarization doping, i.e. no extrinsic doping is needed to create
free charge carriers, but the ones in the 2DEG are employed. This can be utilized
to populate the lowest sublevel for QWIP applications [15] or the 2DEG is used as
high-mobility active channel layer in HEMT structures [18,19] as for the AlGaN/GaN
system. When the barrier layer is decreased to values such that the wavefunctions of the
individual QWs overlap, minibands form as in the simple Kronig-Penney model [162]
for periodic potentials and the former sharp energy sublevels of the confined carriers
broaden into subbands as it is the case in Fig. 2.4 (b). It can be shown that the optical
properties of uncoupled multi-QW SLs are governed by transitions between localized
electron and hole states within the single QWs, while in the case of the formation of
minibands the optical properties of the SL are similar to that of an homogeneous alloy
layer with the average alloy concentration of the SL [163].
QWIP superlattices
For QWIP applications, sublevel transitions within the infrared spectral range (pink
arrows in Fig. 2.4 (a) and (b)) are utilized to excite confined electrons within the
QWs to higher states from which they can escape the well and are detected as current
gain or voltage signal [10]. Typically, miniband formation needs to be suppressed to
minimize undesired tunneling of charge carriers that would result in an increased dark
current. It can be shown that the maximum absorption as well as responsitivity of
a QWIP can be achieved, when the position of the energy levels is optimized such
that the first excited level coincides with the conduction band edge of the barrier
layer, as is the case in Fig. 2.5 (a) in contrast to larger thicknesses in (b) and (c). This
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Figure 2.6: Schematic depictions of different dislocation types as indicated. The burgers
vector b is given in green. Adapted from [164].
requires a careful simulation and optimization of barrier composition, which determines
the band offset, and the QW thickness for the position of the electron sublevels for
each wavelength the QWIP is contemplated for. Further, even more sophisticated
conduction band structures including several coupled and differently composed QW
and tunneling barrier layers for optimized excitation and tunneling of electrons for
more effective QWIP structures [10, 58] or quantum cascade devices [59] are state of
the art. This would require complete control over the composition of the SL in growth
direction. The novel VCCS PLD technique developed within this thesis can serve this
purpose on the research level on devices excellently. For a detailed introduction to
QWIPs, refer to Ref. [10].
Critical thickness for pseudomorphic growth
For the growth of SLs as active layer in applications such as QWIPs, coherently strained
growth of all layers should be strived for, i.e. the in-plane lattice constants of the QW
layer adopt those of the barrier layer. Otherwise, relaxation processes cause the for-
mation of misfit dislocations depriving the performance of devices. Dislocations are
one dimensional defects in crystal lattices and are characterized by their line element
and Burgers vector [127]. A closed loop in the perfect undisturbed lattice without
dislocations does not end at the same lattice point when the same loop is enclosing the
dislocation line in the disturbed lattice. The shortest translation vector of the crystal
lattice closing the loop is called Burgers vector ~b, see Fig. 2.6. Dislocations where the
Burgers vector is perpendicular to the dislocation line are called edge type disloca-
tions, those with Burgers vector parallel to the dislocation line screw type dislocations.
Dislocation with different angles are called mixed dislocations. Typical for the zinc
blende lattice for example are 60◦ dislocations. There are also dislocations, where the
Burgers vector is not a translation vector of the crystal lattice which are called partial
17
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(a)
(b)
Figure 2.7: Critical thickness as function of in-plane mismatch calculated according to
eq. 2.10 and as described in the text. In (a), Poisson’s ratio ν and angle λ were varied as
indicated and show no significant influence on hc. A variation of the magnitude of the Burgers
vector as in (b) affects the critical thickness to greater extend.
dislocations.
Dislocation formation in epitaxial layers is due to the release of misfit strain. Biaxial
in-plane strain ε‖ for coherently grown layers occurs due to different in-plane lattice
constants of the layers grown on top of each other. For a fully-strained QW and relaxed





aw/B are the unstrained in-plane lattice constants of QW and barrier layer, respec-
tively. For (001)-oriented κ-(AlxGa1−x)2O3/Ga2O3 SLs considering the in-plane lattice




= −0.0295x . (2.9)
Depending on the value of this lattice mismatch, at a certain critical thickness hc
of the strained layer, the formation of dislocations and lattice relaxation is energet-
ically more favorable than an increase in strain energy. The layer then partially or
fully relaxes. Several models [165-169] emerged to calculate the critical thickness of a
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strained epilayer, such as the Mathews-Blakeslee model [165], the People and Bean’s
model [166], the Fischer’s model [167] or energy balance models [169]. In Fischer’s
model, the resolved shear stress of the partially relaxed layer and the self-stress due to

















b is the magnitude of the Burgers vector, ν is Poisson’s ratio and λ is the angle between
the Burgers vector and the direction in the interface normal to the dislocation line.
Fig. 2.7 shows curves of the critical thickness as function of ε‖ in the range of possible
values for κ-(AlxGa1−x)2O3/Ga2O3 SLs where the three different parameters in eq. 2.10
were varied. Only the Burgers vector has a significant influence on the critical thickness,
which is, within the strain range given here for 0 ≤ x ≤ 1, always above 1 nm.
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3.1 Pulsed Laser Deposition - PLD
Since a large part of this thesis deals with the deposition and evaluation of thin films
grown by PLD, this growth method shall be briefly introduced within this section.
Additionally, methods, possibilities and limitations of combinatorial PLD employ-
ing segmented targets are given within this section, especially combinatorial PLD
utilizing radially-segmented targets established as part of this cumulative thesis in
Refs. [E7, E16], see also section 4.1. For a detailed description on the PLD process
and technical implementations, refer to Refs. [60-65, E21]. This section is based on
Refs. [63, 65,170,171].
PLD is a physical vapor deposition (PVD) process that relies on the ablation of ce-
ramic target pellets employing laser radiation with high energy density. This process
was already implemented shortly after the invention of the first ruby lasers in 1965 [172].
However, it took several years until the applicability of this technique for the deposi-
tion of high-quality thin films arrived at the research labs, mainly due to the lack of
high-energy lasers. The rise of PLD only began 1986/1987 with the epitaxial growth of
the high-temperature superconductor YBa2Cu3O7 at Bell Communication [173]. This
material class was also the beginning of PLD research in Leipzig [63, E21] rendering
the PLD technique a relatively young deposition method.
The basic idea of PLD is fairly simple, see also Fig. 3.1 (a): A ceramic target pellet is
placed inside a vacuum chamber opposite to a heated substrate. A laser with a high
energy density (here a KrF excimer laser with a wavelength of 248 nm) is focused on
the target surface to ablate material that then forms a plasma plume. The particles of
the plasma move towards the substrate where they can condense as a solid thin film.
As easy as this process seems as complex is its description, which can be separated in
three parts:
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Figure 3.1: (a) Schematic depiction of a PLD chamber. r denotes the radial position of
the laser spot on the target surface. (b) Typical PLD plasma plume emerging from a Ga2O3
target, courtesy of Dr. Stefan Müller.
1. Absorption of laser radiation and ablation of material
The rather complex processes of absorption of energy from a high-power laser and sub-
sequent ablation of material can be due to different physical mechanisms:
(a) Thermal ablation due to absorption of laser energy by the free electron system
and subsequent transfer of energy to the phonon system of the polycrystalline solid
target material at the surface. This corresponds to a strong heating of the surface that
is locally melted and evaporated [62,65].
(b) Non-thermal, photo-induced electronic sputtering can be caused by direct
absorption of laser photons by the electronic system [174]. This can cause the breaking
of chemical bonds and the desorption of atoms. Additionally, electrons can be excited
above the ionization threshold leaving positively charged ions that are accelerated from
the target by Coulomb interaction [175]. Other processes that can lead to the desorp-
tion of atoms are, e.g., Auger processes [176], the creation of electron-hole pairs [177],
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hole pairs [178] or surface plasmons [179]. Defect states within the bandgap of the
target material can absorb energy as well. Here, heat is again transfered to the solid
causing a photo-induced thermal ablation of material [171]. This process is especially
important when the bandgap of the target material is larger than the photon energy
of the laser.
(c) Exfoliation sputtering, where typically undesired larger flakes are detached from
the target by thermal-induced strain. This can occur due to repeated thermal shocks.
A higher density of the target can prevent this [65].
(d) Ablation of droplets occurs when material does not evaporate, but only melts
and solidifies again. The resulting droplets on the target surface can be expelled by
laser-induced recoil pressure or subsurface superheating [65,171].
2. Plasma formation and expansion
After ablation, laser radiation is still present due to the finite length of the laser pulse.
Vaporized target material partly absorbs this radiation and an excited laser-induced
plasma forms with a specific emission spectrum that depends on the target material,
see for example Fig. 3.1 (b) for the plasma of a Ga2O3 target. This plasma plume is
directed normal to the target surface due to Coulomb repulsion and recoil effects [65].
Typically, the density of the plasma plume can be described by an empirical cosn(θ)
law, where θ is the polar angle with respect to the surface normal of the target at
the middle of the plume. The coefficient n is pressure dependent and typically larger
than one [65, 180]. The process of the plasma expansion is non-trivial due to it being
far from thermal equilibrium and has not been completely modeled yet. There are
only approximations for different pressure regions available [60, 181, 182], e.g. ideal
gas models [183] or Monte-Carlo-Simulations [184] for low pressures (≈ 10−4 mbar
and below), hydrodynamic models [185] for high pressures above ≈ 10−1 − 1mbar or
shock wave models [65], as well as empirical combinations of different models [182]
for intermediate pressures. The deposition of novel material systems therefore always
requires an empirical process parameter optimization.
3. Condensation of particles on the substrate
The incoming particle flux originating from the PLD plasma at each laser pulse causes
a supersaturation of particles at the substrate, where they form nucleation centers and
condense. Critical parameters for the condensation process are the particle energy,
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that can be adjusted by the background gas pressure, the target to substrate distance
as well as the substrate temperature, the substrate material and its miscut as well as
the flux of incoming particles. The condensation process can be described by typi-
cal models for crystal growth [182, 186], although the dynamics and mobility of the
particles play a larger role due to the high particle energies far from thermodynamic
equilibrium [170,187]. However, if a VLS [112-115] or oxygen assisted [116,117] growth
mechanism is applicable, as possibly the case for the growth of κ-Ga2O3 [E6], the liquid
surface layer might be able to thermalize the kinetic energy of the particles that enter
it, bringing the distribution closer to thermal equilibrium.
Adjustable parameters for PLD growth are, among others, background gas (typically
oxygen) and pressure, the substrate temperature Tg, the repetition rate, pulse energy
and fluence of the laser, target to substrate distance and lateral offset between the
center of the target and the center of the plasma plume (or chamber geometry in
general). The used parameters are given in each article of this cumulative thesis in
the respective experimental section, where also the target fabrication process as well as
their fabrication parameters are described in detail. An often mentioned big advantage
of PLD is the stoichiometric transfer of the chemical composition of the target to the
growing thin film. Notable exceptions of this rule are for example the In- as well as Al-
alloy systems of Ga2O3 as major part of this thesis due to their growth being governed
by the kinetics of volatile suboxides.
3.1.1 Combinatorial PLD
Several issues for the screening of properties of ternary or quaternary alloys are arising
from the general PLD principle. First, its major advantage is also its disadvantage:
Due to the typically stoichiometric transfer, each desired alloy composition requires
the fabrication of a novel target with the respective stoichiometry. Where the transfer
is adjustable via background pressure or growth temperature, a change in stoichiom-
etry also means the variation of crucial and carefully optimized growth parameters.
Further, the amount of layers with different composition that can be grown on top of
each other is limited by the amount of targets within the vacuum chamber. In the
setups at Leipzig University, this limit is given by four targets on a target carousel.
This then renders applications which rely on the manipulation of chemical composi-
tions in growth direction impossible. Examples would be composition-graded buffer
layers for strain engineering [188], polarization doping [189], enhancement of alloy sol-
ubility limits [190], band structure profiles for the tuning of transition energies in QW
systems [191] for application as active layer in e.g. QWIPs [10] or precise refractive
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Figure 3.2: The segmented PLD target approaches established by the Semiconductor Physics
Group in Leipzig.
index profiles for Laser-LEDs [192-194]. A recent theoretical work even suggests the
application of vertically-graded layers as active component in ultra-compact monolithic
spectrometers [86].
Several rather complicated concepts emerged to resolve these issues, such as multi-
beam [72], movable mask [68-71] or mirror [73,74] setups. In Leipzig, a more practica-
ble path was followed by the use of segmented targets. The first issue was tackled by
azimuthally-segmented targets, as described in detail in Ref. [75] as well as in Ref. [E7]
as part of this cumulative thesis. In a standard PLD approach, a laterally homoge-
neous target is rotated and the radial position r of the laser spot on the target surface
is changed continuously to ensure a homogeneous ablation of the target surface. Inten-
tionally, the substrate is rotated in a asynchronous fashion with respect to the target
to ensure lateral homogeneity of the thin film. Within the azimuthally-segmented
target approach (typically half-segmented targets are used as shown schematically in
Fig. 3.2), both are now rotated synchronized and a large offset between the center of
the plasma plume and the center of the substrate is chosen. This way, each target
segment always faces the same part of the substrate, typically a larger wafer. The
aforementioned cosn(θ) distribution of the particle density results now in a laterally
varying average particle flux composition at the substrate. This way, a thin film with
a lateral composition gradient or a lateral CCS is created to serve as material library
of the specific alloy system. However, this technique did not resolve the issue of the
amount of different layers that can be grown on top of each other. Additionally, the
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Figure 3.3: (a) Schematic depiction of the VCCS PLD principle on an ideal elliptically-
segmented target. Taken from Ref. [E16]. (b) Photographic image of a radially-segmented
target before the first deposition. The inner segment consists of Ga2O3 and the outer segment
of Ga2O3+20 at.% In2O3. Depicted is also the target geometry for such a real non-ideally
shaped target consisting of a rectangle and two semicircles. Image taken by Dr. Holger
von Wenckstern. (c) Radially-segmented target after several depositions. The inner segment
consists of ZnO, the outer segment of ZnO+40 at.% MgO.
thin film inherently has no larger parts with one laterally homogeneous composition.
The determination of some alloy properties, such as precise in- and out-of-plane lattice
constants as well as anisotropic optical properties or spontaneous electrical polariza-
tions of material, require larger homogeneous samples. For the alloy system, a series
of laterally homogeneous thin films with different chemical composition or a DCS is
therefore needed. Both of these issues were resolved by the establishment of radially-
segmented targets, as described in Refs. [E7, E16] as part of this cumulative thesis.
The idea behind this approach is simple, instead of a lateral average of the particle flux
composition that is manipulated as for the azimuthally-segmented targets, the time
average is adjusted by geometrical manipulation of the laser spot position on the tar-
get surface. For this approach, typically elliptically-segmented targets are used with a
different chemical composition inside and outside of the inner elliptical segment of the
target, for example a ternary oxide alloy with composition AxB1−xO and AyB1−yO,
respectively. Target and substrate are rotated asynchronously, but the radial posi-
tion of the laser spot on the target surface is fixed to a certain value r such that the
26
3.1. Pulsed Laser Deposition - PLD
laser ablates a circular track, see Fig. 3.3 (a). The chemical composition of the PLD
plasma is now depending on whether the laser ablates in the outer or inner segment
and changes with time. The time average of the particle flux composition as well as
the thin film composition is then given by the ratio of the path length of the laser spot
in the inner segment compared to the outer segment of the target, which is determined
by the intersection angle ϕ between circle and border of the inner segment. A variation
of r corresponds to a variation of ϕ and with this a variation of the time average of
the particle flux composition. A DCS with any desired composition between the two
compositions of one single target can now be produced by changing the value of r for
each new sample. When r is changed stepwise during the deposition of a thin film, a
quasi-continuous composition gradient in growth direction or any desired composition
profile can be deposited, also from one single target. This technique was therefore
called vertical continuous composition spread (VCCS) PLD. This technique is essen-
tially applicable to all alloy or dopant systems as long as a radially-segmented target
can be prepared from the materials and a sufficient diffusion of the elements during
growth of the layers is ensured. The exact shape of the inner segment is thereby not
important, as long as the intersection angle ϕ changes with r.
Numerical modeling of thin film compositions in the VCCS PLD approach
In the following, on the basis of the utilized numerical models, the development and
the non-idealities of the VCCS PLD approach shall be briefly presented, which is
crucial for the understanding of the process. To numerically model the expected thin
film composition χ(r), the knowledge of the intersection angle ϕ(r) as function of r
is required. As already mentioned, the particle flux composition is given by the path
length ratios of the laser spot in the inner and outer segment of the target, which gives
for an ideal point-like laser spot [E16]:
χ(r) =
(4ϕr)x+ (2πr − 4ϕr)y
2πr
= y − (y − x) 2
π
φ(r). (3.1)
Here, x and y are the compositions of inner and outer segment, respectively. This
equation is the basis of all modeling of particle flux compositions in VCCS PLD and
holds true independent of the exact shape of the inner segment. For an elliptically-
segmented target, this gives [E16]:
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where a is the longer and b is the shorter axis of the ellipse, see also the inset in
Fig. 3.4 (a). This equation is called the analytical model within this thesis and the
included articles. The result is shown as black line in Fig. 3.4 (a) and gives a smooth








Figure 3.4: (a) Expected thin film composition as function of r and laser spot size d as indi-
cated for an elliptically-segmented target with a = 8mm and b = 4mm. The inset shows the
relevant target geometry. (b) Composition of the barrier layer of κ-(AlxGa1−x)2O3/κ-Ga2O3
SL samples as reported in Ref. [E1]. The dashed lines are model fits according to an elliptically-
segmented target (green) and a non-ideal target shape as given in the inset in (c). The red
dashed line is a Monte-Carlo-Simulation with the same non-ideal target shape. (c) Expected
thin film composition as function of r and laser spot size d as indicated for a non-ideal shaped
target with g = h = 4mm. The inset shows the relevant target geometry. (d) Expected thin
film composition as function of r and g/h ratio as indicated for a non-ideal shaped target
with h = 4mm. Apart from (b), the composition is always x in the inner and y in the outer
segment.
28
3.1. Pulsed Laser Deposition - PLD
In experiments however, neither an ideal point-like laser spot nor an ideal elliptically-
segmented target are realizable, see for example the target in Fig. 3.3 (b). Therefore,
numerical modeling of the VCCS PLD technique has been developed further since its
establishment. The elongated laser spot is rather rectangular in shape caused by the
rectangular aperture of the laser exit focused by a lense on the target surface. The
laser track is therefore an annulus of size d on the target, see the inset of Fig. 3.4 (a).
To account for this in the models, one has to consider the average of the composition











y − (y − x) 2
π
φ(r′)dr′ , (3.3)
where tr is a transfer factor to account for non-stoichiometric transfer and r0 is an offset
for the exact position of the nominal radial position within the annulus. For the use of
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b < r < a
y r ≥ a
. (3.4)
The result is shown in Fig. 3.4 (a) in dependence on the laser spot size. The range of
r, where a variation of the composition is observed, increases with increasing spot size
while the slope decreases, the gradient smears out. The second non-ideality considered
is the non-ideal elliptical shape of the inner segment of the target that can rather be
described by a rectangle with side lengths 2g and 2h and two semicircles with radius
h, see Fig. 3.3 (b) and the inset of Fig. 3.4 (c). Using this geometry, eq. 3.3 still holds,
only χ(r) needs to be adjusted and gets slightly more complex:
χ(r) =

x r ≤ h







h < r ≤
√
g2 + h2







g2 + h2 < r < g + h
y r ≥ g + h
. (3.5)
The model based on both non-idealities according to eqs. 3.3 and 3.5 agrees very well
with experimental data, as can be seen in Fig. 3.4 (b), where the blue dashed line is
a fit to the data of the barrier composition of κ-(AlxGa1−x)2O3/κ-Ga2O3 SL samples.
The only free parameter was tr to account for an Al-enrichment in the thin films as in-
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Figure 3.5: (a) Mg-content as function of r for MgxZn1−xO thin films as reported in
Ref. [E16] and (b) Na-content of Na-doped indium tin oxide thin films deposited by using
targets with the indicated segmentation. Growth temperatures were Tg = 620◦C in (a) and
room temperature in (b). Dashed lines correspond to model fits with a laser spot size of 2mm
and an elliptical shape (green) or non-ideal shape (blue) as given in the insets. A sufficient
intermixing of species through the thin film layers in both cases is indicated. A deviating
laser spot size in (a) is due to a different laser used for these thin films.
vestigated within the scope of this thesis [E9]. The ideal elliptical target segmentation
(green dashed line) gives less good agreement, since the characteristic step observed in
the data for r ≈ 6 − 7mm is missing. Fig. 3.4 (c) shows the effect of the variation of
the laser spot size on the expected thin film composition. Similar changes as for the
elliptical segmentation are visible for this geometry as well. The effect of a deviation
of the g/h ratio from the value of 1 is shown in Fig. 3.4 (d) for a laser spot size of
2mm. The characteristic step gets more pronounced the larger the ratio. For a ratio
of 0 (circular shape) the evolution is linear for a limited range of the size of the laser
spot.
An approach similar to eq. 3.3 can also be realized by a Monte-Carlo-Simulation as im-
plemented by Philipp Storm within his master thesis [118] and as described in Ref. [E7]
as part of this cumulative dissertation. Here, inner and outer segment as well as the
laser annulus corresponding to a set of r and d are defined within the simulation code
and a number of random positions within the annulus are created. The composition
weighted ratio of the number of positions within the inner and outer segment to the
total number of positions then gives the thin film composition. This simulation ap-
proach yields the same curves, see red dashed line in Fig. 3.4 (b), but here also target
shapes without analytical function for φ(r) can be modeled.
The versatility of this approach can be confirmed by its applicability to a variety of
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(a) (b)
Figure 3.6: (a) Expected thin film compositions for different target shapes as indicated and
explained in the text. The target geometry for the heart-shaped target (red curve) is given in
the inset. (b) Photographic image of an heart-shaped target prior to deposition. The inner
segment consists of ZnO and the outer segment of ZnO+50 at.% MgO, courtesy of Dr. Daniel
Splith.
material systems and applications. Notably here are the MgxZn1−xO system [E16], see
also Fig. 3.5 (a) for modeled data, the κ-(InxGa1−x)2O3 as well as κ-(AlxGa1−x)2O3 al-
loy systems [E8,E9] and κ-(AlxGa1−x)2O3 barrier layers in κ-(AlxGa1−x)2O3/κ-Ga2O3
SL systems, see Ref. [E1] and Fig. 3.4 (b). These not only include systems with sto-
ichiometric transfer, such as MgxZn1−xO at the chosen process parameters, but also
alloys with non-stoichiometric growth mechanisms such as the alloy systems of Ga2O3.
Even a DCS of amorphous thin films grown at room temperature is possible, as can be
seen in Fig. 3.5 (b), where the Na-dopant concentration of indium tin oxide - highly
Sn-doped In2O3 (ITO) thin films was varied and the data follows the numerical models
as well.
The latest development included the optimization of the shape of the target itself [E7].
Since the curves for radially-segmented targets according to eq. 3.5 are far from a linear
relationship of χaver(r), the target geometry for a more practicable linear evolution of
the layer composition and an almost complete usage of the target area was sought.
This geometry needs to fulfill χ(r) ∝ r, which is the case for an Archimedean spiral,
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where, for a proper choice of the coordinate system and φ(r) = πr/rmax, we get:
χ(r) =

x r ≤ 0
x+ (y − x) r
rmax
0 < r < rmax
y r ≥ rmax
. (3.6)
Interestingly, this geometry coincides with a heart-shape of the inner segment, as shown
in the inset in Fig. 3.6 (a) and in Fig 3.6 (b), where a photographic image of the first
heart-shaped target is displayed. Fig. 3.6 (a) further shows the calculated thin film
composition χaver(r) according to eqs. 3.6 and 3.3. In comparison to the other target
segmentations, the target region where the particle flux composition is varying is greatly
increased and a linear dependency of χaver(r) is given for the majority of values of r.
3.2 X-ray Diffraction - XRD
XRD is a powerful tool to investigate structural properties of materials on the level
of lattice plane distances. It relies on scattering, diffraction and interference of elec-
tromagnetic radiation on the periodic atomic structure of the crystal lattice. Typical
lattice plane distances are in the range of a few Å such that the employed electro-
magnetic radiation needs to exhibit a wavelength within this region. X-rays are the
radiation of choice here, which can be produced by a conventional X-ray tube using
electrons accelerated up to several tens of keV towards a cathode metal. Deceleration
within the metal and excitation of electrons from core levels and subsequent filling of
these levels by electrons from outer shells produce the used characteristic X-ray spec-
trum. Typically, the Cu Kα radiation with λ ≈ 1.54Å is employed in most research
equipment. More sophisticated methods rely on highly monochromatized synchrotron
radiation. A brief introduction into the principle of XRD and the employed scan meth-
ods shall be given here, since it is the main experimental technique used within this
cumulative thesis. For a more detailed description and derivation as well as details
on X-ray optics, goniometers and detectors, the author refers the reader to standard
literature on XRD, for example Refs. [195] and [196].
The basis of XRD is the Bragg equation, which can be derived in a simple model by the
constructive interference of two X-rays scattered on two lattice planes with distance
dhkl, see also Fig. 3.7. The path difference between the beams needs to be a multiple
n ∈ N of λ, which gives:
nλ = 2dhkl sin(θ) . (3.7)
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Figure 3.7: Schematics on the derivation of the Bragg equation based on standard kinematic
theory.
2θ is the angle between incident and scattered beam and dhkl is the lattice plane
distance for this set of lattice planes characterized by the Miller indices {hkl}. For an



































where a, b and c are the lattice constants of the crystal. Different scan methods are
possible that were utilized in this thesis and are schematically depicted in Fig. 3.8 (a)
in reciprocal space:
2θ-ω scan:
The sample is rotated by ∆ω around the ω axis, while the angle between source and
detector is moved by twice the amount ∆2θ. This corresponds to a radial cut in
reciprocal space and can be employed e.g. for lattice constant determination.
ω scan or rocking curve:
The angle between incident and scattered beam is fixed to a value of 2θ and the sample
is rotated around the ω axis. This corresponds to a cut normal to the radial direction in
reciprocal space. The broadening of reflections in ω scans corresponds to an increased
mosaicity of the thin film sample.
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φ scan:
The angles 2θ, ω and possibly χ are fixed to the position of an asymmetric or a skew-
symmetric reflection and the sample it rotated along its surface normal or the φ axis.
When two of such scans are performed for a thin film and substrate reflection, epitaxial
growth of the thin film can be shown and epitaxial relations of the thin film lattice
relative to the substrate lattice can be determined.
Reciprocal space map (RSM)
A two-dimensional combined 2θ and ω variation. ω is changed stepwise and on each
position 2θ is varied or vice versa. This corresponds to a mapping of a certain area
of reciprocal space. From the ω and 2θ values, in- and out-of-plane reciprocal space








[sinω + sin(2θ − ω)] . (3.11)
Together with the respective intensities at these positions, the RSM is then created.
From the coordinates of an asymmetric reflection both in- and out-of-plane lattice
constants can be calculated. Typically, an ω offset due to a tilt of the sample needs to be
taken into account. This can be corrected by a simple rotation matrix calculated from
measured positions and literature values of substrate reflections. From the direction
and value of the broadening of reflections in a RSM, a high amount of information on
the structural properties of the thin film can be extracted, as is shown in Fig. 3.8 (b):
• Broadening in q‖ is caused by a limited lateral size of regions of coherent scattering
of the X-rays, i.e. the lateral periodicity of the crystal lattice is broken by grain
boundaries or island growth.
• Broadening in q⊥ is caused by a limited vertical size of regions of coherent scattering
of the X-rays. The typical limitation here is the thickness of the thin film.
• Broadening in the radial direction with respect to the origin of reciprocal space can
be caused by strain within the crystal or a change in thin film composition. This
also corresponds to the broadening in 2θ-ω scans.
• Broadening normal to the radial direction is typically caused by an significant mo-
saicity of the thin film, i.e. depending on the type of the reflection, the grains of the
thin film are tilted or twisted with respect to each other and the substrate lattice.
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(a) (b)
Figure 3.8: (a) Depiction of XRD scan methods in reciprocal space. kin and kout correspond
to the wavevectors of incoming and scattered beams, respectively. q = kin − kout is the
scattering vector pointing to a reciprocal lattice point in case of constructive interference. The
grey semicircle is the accessible space for the given X-ray wavelength, the blue semicircles are
inaccessible due to kin or kout being blocked by the sample holder for these reciprocal lattice
points. (b) Possible broadening directions of reciprocal lattice points in RSM measurements
and physical origins as explained in the text.
From the position of the thin film reflections in reciprocal space with respect to reflec-
tions of the substrate or a relaxed buffer layer the strain state and growth of the thin
film layer can be determined if they exhibit the same crystal symmetry, see for example
Fig. 3.9. When thin film and substrate reflections are lying on one straight line con-
necting the origin of reciprocal space (green dashed line in Fig. 3.9), the thin film grew
relaxed on the substrate or buffer layer. Also reflections of relaxed alloy layers need
to follow this line, as shown for the κ-(InxGa1−x)2O3 as well as κ-(AlxGa1−x)2O3 alloy
systems in Refs. [E8, E9]. Pseudomorphic or coherent growth is indicated when the
thin film adopts the in-plane lattice distances from the substrate, for which q‖ needs
to match. The thin film reflection then needs to follow the blue dashed line in Fig. 3.9.
Between these two strain states a thin film can partially relax or exhibits residual strain
when the critical thickness for coherent growth is exceeded. Depending on the amount
of residual strain, the thin film reflection lies somewhere on the red line, the relaxation
line, as shown in the magnified view of Fig. 3.9. Experimental data for κ-Ga2O3 is
given in Ref. [E1] as part of this cumulative thesis.
The relevant experimental equipment employed within this thesis is given within the
experimental sections of the reports included in the cumulative part.
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Figure 3.9: Schematic illustration of the position of reciprocal lattice points of thin film layer
and substrate or buffer layer in the case of pseudomorphically-strained or relaxed growth for
an orthorhombic lattice. The inset is a magnified view in the vicinity of one reflection. The
points on the relaxation line correspond to partially-relaxed layers with residual strain.
3.2.1 XRD on Periodic Multilayers
When XRD scans are performed on periodic multilayers, such as multi-quantum-well
SLs, additional reflections and effects occur. These are caused by additional scattering,
diffraction and interference of the X-rays on the periodic interface structure of the
multilayer. In the simplest approach, additional reflections, called SL fringes, can
be understood similar to the Bragg equation for crystal planes by the constructive
interference of scattered beams on adjacent interfaces of the periodic multilayer, which
gives:
νλ = 2tDL sin θ , ν ∈ N , (3.12)
as shown in Fig. 3.10 (a). tDL = tw + tB is the SL period or DLT of a multi-QW SL
consisting of the thickness of the QW layer tw and the barrier layer tB, respectively.
















The fringes are therefore equally spaced with an angular spacing between adjacent
peaks by ∆θ = λ
2tDL
for small angular positions. From the spacing of these fringes in
2θ-ω scans for example, the DLT can be determined as can be seen for a 2θ-ω scan of a
SL sample in Fig. 3.10 (b). However, this simple model would imply that such fringes
can be found in the whole scan range of a 2θ-ω scan. This is clearly not the case as
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(a) (b)
Figure 3.10: (a) Schematic depiction of the constructive interference of X-rays on a pe-
riodic multilayer structure as explained in the text. (b) Typical XRD 2θ-ω scan of a
κ-(Al0.3Ga0.7)2O3/Ga2O3 SL sample around the SL0 (002) reflection. SL0 denotes the zero
order reflection of the SL, the numbers in green above the other reflections correspond to the
order of the respective SL fringe. ∆2θ corresponds to the spacing of the fringes.
can be seen in Fig. 3.10 (b). Fringes are typically only observed close to the Bragg
reflections of the structure called zero-order reflection SL0 and the angular distance of
the fringes is typically given from SL0 as starting point, so θν = θSL0 + ν∆θ, where
ν ∈ Z is now the order of the SL fringe as indicated in Fig. 3.10 (b). This can only
be understood within more sophisticated approaches, where exact kinematic (each X-
ray photon scatters once), dynamic (multiple scattering events and interferences are
included) or semikinematic (a mixture of dynamic and kinematic, the scattering in the
substrate is calculated dynamically and the scattering in the thin film layer is taken
as kinematic disturbance) calculations of the scattered X-ray fields or intensities are
considered. Since these calculations are too lengthy to be explained here in detail, the
author refers the reader to Ref. [196] and the references therein. The main essence
of these calculations, however, is that the SL0 reflection occurs at the corresponding
Bragg reflection angle θSL0 of the so called reference lattice, which exhibits the average
out-of-plane lattice constant of the SL multilayer:
〈c〉 = cwtw + cBtB
tw + tB
. (3.14)
cw and cB are the out-of-plane lattice constants of the QW and the barrier layer,
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(a) (b)
Figure 3.11: (a) Typical XRD 2θ-ω scan of a κ-(Al0.3Ga0.7)2O3/Ga2O3 SL sample around
the SL0 (004) reflection. The solid red line is a deconvolution of the data with pseudo-Voigt
functions. (b) A fit to the data extracted from (a) corresponding to eq. 3.17 to determine the
interface roughness of the SL.
γh = − sin(θSL0 + ωoff) is a factor describing the asymmetry of the reflection geometry
when an asymmetric reflection is measured, where ωoff is the offset angle in ω with








This is the same separation one would get if sin(θνi) in eq. 3.13 is developed as Taylor
series around θSL0. In RSM measurements, SL fringes are typically occurring along the
q⊥ component of a reflection.
Since in eq. 3.13, tDL is directly influencing the spacing of the SL fringes, any variation
of the DLT, e.g. a significant interface roughness, causes a broadening of these reflec-
tions. Additionally, it can be shown that also the highest order of the SL fringes with re-
spect to the SL0 reflection can be diminished by an increased interface roughness [197].
The ratio tw/tB of the SL can also cause specific fringe orders to disappear [196]. The
broadening quantified by the full-width at half maximum (FWHM) of the fringes is

















Here, ∆θν is the distance between the SL fringes at the order ν, M ∈ N is the number
of double layers in the SL and σ is the standard deviation of the DLT when a Gaussian
distribution is considered. When the position and FWHM of the fringes is determined
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by a deconvolution of 2θ-ω diffraction patterns with pseudo-Voigt functions, as shown
in Fig. 3.11 (a) around the SL0 (004) reflection of a κ-(Al0.3Ga0.7)2O3/κ-Ga2O3 SL
sample, from a fit according to eq. 3.17 the interface roughness σ can be determined.
Fig. 3.11 (b) shows such a fit for the data extracted from Fig. 3.11 (a) that gives a
value of σ = 0.4 nm.
3.3 X-ray Photoelectron Spectroscopy - XPS
XPS is a technique that allows the determination of compositions, band alignments
and band structures as well as bandgaps of solids. It relies on the measurement of the
kinetic energy of electrons emitted from a sample surface upon the irradiation with
monochromatic X-rays in an ultra-high vacuum environment (lower than 10−8 mbar).
The electrons of the solid can absorb the X-ray photons and are excited into extended
vacuum states as free electrons. In the simplest picture, their residual kinetic energy
Ekin is determined by the energy of the incident X-ray photons Eλ and, more impor-
tantly, the binding energy EB of the initial state of the electron via Ekin = Eλ − EB.
The spectrum of Ekin is a direct measure of the energy levels of the electronic system
with respect to the vacuum energy level. The energy discrimination of the emitted
photoelectrons is typically realized by analyzer configurations utilizing electric fields.
The detection of the electrons is performed by electron multipliers. Typically, mainly
core levels of the elemental species are studied to high precision, since XPS is not
highly sensitive to valence electrons [200] due to their low X-ray cross section. How-
ever, the valence band maximum can still be determined. To accurately study valence
or conduction band structures, ultraviolet radiation is employed instead, the tech-
nique is then called ultraviolet photoelectron spectroscopy (UPS). The complete band
structure can be resolved when the photoelectron spectrum is measured angular depen-
dent within angular resolved photoelectron spectroscopy (ARPES). XPS is a surface
sensitive technique, since only photoelectrons close to the surface (≈ 10 nm) can be
detected. Electrons excited in the bulk of the solid are not able to leave the material
due to scattering or absorption. Relative band offsets of two solids can be determined
by depositing a thin layer of the reference material on top of the other one, such that
both can be detected in the XPS spectrum. By the relative position of their specific
core levels and valence band maxima, their valence band offsets can be determined.
Further, from the relative area below the cation core levels of a ternary alloy system
after background subtraction, the relative cation composition of the alloy can be de-
termined. At the low-energy side of strong core level peaks, the signal increases again
due to inelastic scattering of the photoelectrons. They excite other electrons of the
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material to higher states and lose the energy difference in kinetic energy. Since states
below the valence band maximum are filled, the lowest energy an electron can be ex-
cited with is the bandgap energy. By a linear fit of the onset of inelastic scattering to
the determined background, the bandgap of the material can therefore be determined.
The surface sensitivity of the technique can be utilized for depth-resolved measure-
ments of these quantities by subsequent sputtering of a thin layer of the material and
measurement of an XPS spectrum after each sputtering step. A detailed description of
the determination of these quantities and the employed experimental setup is given in
Ref. [E2] as part of this cumulative thesis. For an in-depth introduction on measure-
ment principle and equipment, the author refers the reader to standard literature on
XPS, for example Ref. [200].
3.4 Energy Dispersive X-ray Spectroscopy - EDX
Elemental compositions of the bulk of solids can be determined standardless by EDX.
Typically within an electron microscope, the sample is irradiated by electrons with
kinetic energies in the keV range. Due to different inelastic scattering processes, core
level electrons are excited to higher states by the high energetic electron beam. Elec-
trons from higher states fill the vacancies and emit X-rays in the process whose energy
equals the difference of the two states and which are then detected energy-dispersed.
By the intensities and energetic position of the characteristic X-ray peaks, the compo-
sition of the sample can be quantified. Due to scattering cascades of primary as well
as secondary electrons excited by the primary beam, the X-rays are emitted from up
to several µm in depth, which is dependent on the acceleration voltage for the primary
electrons. The method is described in detail in Ref. [201].
3.5 Atomic Force Microscopy - AFM
This technique is used in this work to determine surface morphological properties of
the thin film samples such as roughnesses and grain sizes. Measurements are typically
performed in non-contact mode. Here, a very sharp silicon tip, called cantilever, with
a tip radius in the nm regime attached on a chip, is brought into a forced oscillation
close to its resonance frequency and brought almost into contact with the surface of
the material. The magnitude and phase of the oscillation is detected by an infrared
laser reflected from the cantilever onto a four-quadrant photodiode. When the tip
approaches the surface, the resonance curve shifts due to attractive Van-der-Waals
forces and repulsive electrostatic Pauli repulsion which changes phase and magnitude
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of the oscillation. The original values are restored by a change in height of the sample
by piezoactors. The tip is moved linewise over the sample and the values of the height
change are recorded delivering a two-dimensional surface profile h(x, y) of the sample.
A detailed description can be found in Ref. [170].
3.6 Photoluminescence Spectroscopy
The PL technique is an optical characterization method to determine recombination
mechanisms as well as electronic structure and quality of a material. The material
is excited by a laser with an energy above the bandgap of the typically crystalline
solid creating an excited electron-hole pair. The excited electrons and holes relax
to lower energy states close to the conduction or valence band edge or within the
bandgap from which they recombine radiatively emitting a photon. The emitted light
is spectrally-resolved and detected. An detailed derivation of relevant processes can be
found in Ref. [127]. The main mechanism used in this thesis is near-band edge emission
from quasiparticles called excitons. These are electron-hole pairs bound by Coulomb
attraction. The emission energy EFX of these electron-hole pairs is reduced from the
bandgap energy Eg by the binding energy EX,B(n) giving:











mr is the reduced mass of the electron-hole pair withm−1r = m−1e +m
−1
h and the effective
masses me and mh of electron and hole, respectively. m0 is the free electron mass, εr
the relative dielectric constant, ε0 the vacuum permittivity, e the elementary charge,
~ the reduced Planck’s constant and n ∈ N the quantum number of the state. This
is a Rydberg-like series for free excitonic transitions. Excitons can be bound within
the potential of impurities or crystal defects as well, leading to distinct changes of the
recombination energy. From the energetic position and broadening of the excitonic
transition in low temperature PL spectra of MgxZn1−xO thin films, the composition x
as well as the quality of the material can be estimated as described in detail in [E16]
of this cumulative thesis.
3.7 Transmission Spectroscopy
In this method, the intensity of transmitted light IT is compared to the intensity of
an incident monochromatic light beam I0. By recording the intensity for stepwise
changing wavelength of the incident light, a transmission spectrum is recorded. The
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1−R2 exp (−2αd) . (3.19)
R is the reflectance of the sample, α = α(E) the absorption coefficient and d the
thickness of the sample. Often it is sufficient to neglect the reflectance of the sample
(R ≈ 0) leading to the reproduction of Lambert-Beer’s law:
IT = I0 exp (−αd) . (3.20)
Typically, for a thin film sample, the transmittance of the thin film needs to be obtained
approximately by dividing the spectrum of substrate and thin film by the spectrum of
a blank substrate. From the spectrum α(E), the bandgap of a thin film sample can be
estimated, which exhibits a different relation depending on whether a direct or indirect
optical transition is involved [127]:
α(E) ∝
√
E − Eg (direct), (3.21)
α(E) ∝ (E − Eg ± ~ωph)2 (indirect). (3.22)
Here, ωph is the phonon frequency.
3.8 Spectroscopic Ellipsometry
Spectroscopic ellipsometry is an optical method where the change of polarization of an
reflected light beam in comparison to an incident light beam is evaluated spectrally
resolved. The ratio of the complex reflection coefficients of light polarized parallel to






exp (Φp − Φs) = tan(Ψ) exp(i∆) . (3.23)
The ellipsometric parameters Ψ and ∆ as function of photon energy as well as incident
angle need then to be modeled and simulated by a layer stack model for the respective
sample in a transfer matrix approach to determine layer thicknesses as well as quantities
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ABSTRACT: Vertical composition gradients of ternary alloy thin films find applications in numerous device structures. Up to
now such gradients along the growth direction have not been realized by standard pulsed laser deposition (PLD) systems. In
this study, we propose an approach based on a single elliptically segmented PLD target suited for the epitaxial growth of
vertically graded layers. The composition of the thin films can be varied by a simple adjustment of the position of the PLD laser
spot on the target surface. We demonstrate this principle for the MgxZn1−xO alloy system. Such vertically composition-graded
MgxZn1−xO thin films exhibit high optical quality and a well-defined Mg-content for each layer. No signs of interdiffusion of
Mg-atoms between the layers have been found. Further, this method is capable to deposit homogeneous thin films with any
desired, well-defined cation composition having the same high optical and structural quality as films grown by conventional
PLD.
KEYWORDS: step grading, composition control, pulsed laser deposition, ternary alloy system, thin films
■ INTRODUCTION
The ability to control the chemical composition of ternary
alloy thin films in growth direction has been shown to be
beneficial to a variety of systems and devices. The step-grading
of MgxZn1−xO barriers for MgxZn1−xO/ZnO quantum well
systems grown by molecular beam epitaxy (MBE) and the
corresponding engineering of the band structure and wave
functions has been shown to be an adequate tool to manipulate
emission energies and decay times of the excitonic quantum
well emission.1 A grading of MgxZn1−xO buffer layers enabled
the MBE growth of MgxZn1−xO/ZnO quantum well systems
beyond the solubility limit of Mg in ZnO.2 Further, graded
buffer layers between the active regions of GaInP/GaInAs
high-efficiency solar cells improved their crystalline quality
leading to enhanced performance.3 Graded AlGaN buffer
structures in AlGaN/GaN field-effect transistors using metal−
organic chemical vapor deposition (MOCVD) on cost-
effective substrates caused a reduced dislocation density in
the active region by strain engineering as well as lower leakage
currents due to polarization engineering.4 Such polarization
engineering can also be utilized as polarization doping, where
high p-type doping for enhanced hole injection currents in
AlGaN LED structures can be realized by composition grading
in growth direction.5 Graded structures have further been
shown to improve the carrier capture efficiency in graded index
separate confinement heterostructure (GRINSCH) laser
diodes while simultaneously acting as waveguides for the
emitted laser radiation due to the grading of the refractive
index.6−8 Additionally, a theoretical study predicted an
enhanced emission efficiency for ZnO-based UV LEDs by
using step-graded MgZnO multiple quantum barriers.9 Such
composition grading is well-established for deposition methods
such as MBE or MOCVD, where the flux of the source
materials can be adjusted during growth. However, in the case
of standard pulsed laser deposition (PLD) setups a continuous
variation of the chemical composition of ternary alloy thin
films in growth direction has been impossible until now. A
standard PLD system possesses one ablation laser.10 Therefore,
the number of available alloy compositions is limited by the
amount of single composition targets, which can be mounted
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into the vacuum chamber of the setup. The only alternatives
until now would be rather cost-intensive multibeam setups11 or
movable-mirror geometries,12,13 which need to be exactly
calibrated. To the best of the authors knowledge, there is only
one study in literature, where a single wedge-segmented target
was used to control the composition of KTa1−xNbxO3 thin
films.14 This was achieved by a fixed radial position of the PLD
laser spot on the target surface in combination with an off-axis
rotation of the target. However, we did not find further reports,
where this approach was used nor were the resulting thin films
structurally or optically characterized. Additionally, no
composition grading of thin films in growth direction was
observed. We have already reported on a PLD approach using
a single, azimuthally segmented target for the creation of lateral
continuous composition spreads.15 In this study, we propose a
novel PLD technique for standard PLD systems enabling
composition gradients in growth direction using a single
elliptically segmented target, where the chemical composition
differs between inner and outer segment of the ellipse. With
this approach, the chemical composition of the deposited layer
can be tuned by the position of the PLD laser spot on the
target. We demonstrate here this technique on the MgxZn1−xO
alloy system. MgxZn1−xO is a well-investigated crystalline
system which can be grown phase pure in the wurtzite
structure up to alloy compositions of x ≈ 0.5.16 The deposition
under various conditions and methods including optical,
electrical and structural characterizations has been intensively
described in literature,15−38 especially also for PLD.15,17−23 It
further has a wide range of applications in electronic or
optoelectronic devices.16,39−48 Because of the well-known
variation of the bandgap and emission energy the Mg-content
in thin films can be directly deduced from these proper-
ties.20,49,50 Interface charges and an internal electric field due
to high spontaneous and piezoelectric polarizations can lead to
effects such as electron accumulation at interfaces51 (2DEG)
or the quantum-confined Stark effect in MgZnO/ZnO
quantum wells.52−55 Graded MgxZn1−xO structures so far
have been rare in literature apart from graded quantum well
structures1 and graded buffer layers2 already mentioned above.
We present in this study homogeneous MgxZn1−xO thin
films with different chemical compositions grown by the novel
approach using a single elliptically segmented ZnO/
Mg0.4Zn0.6O target. The method will be described in detail
and the theoretically expected composition of the thin films in
dependence on the position of the PLD laser spot on the target
is calculated. Further, we will show that our approach is
suitable for the growth of high-quality composition-graded
MgxZn1−xO thin films that can also be incorporated in
heterostructures for device applications.
■ NOVEL PLD METHOD AND EXPERIMENTAL
PROCEDURES
For the growth of homogeneous MgxZn1−xO thin films with
varying Mg-content and thin films with a step-grading of the
Mg-content in growth direction, we used a novel PLD
approach employing one single elliptically segmented target.
In our standard PLD setup, a circular ceramic target with a
homogeneous chemical composition is used. This target is
rotated during ablation and the radial position of the laser spot
on the target is varied continuously. With this, a homogeneous
ablation of the target material is ensured. In our novel
approach, an elliptically segmented ternary alloy target with
different chemical composition of the alloy system inside and
outside of the ellipse is employed (see Figure 1). The
composition of the inner segment shall be denoted as AxB1−xO,
the one of the outer segment as AyB1−yO. As in the standard
PLD approach the target is rotated during ablation, the radial
position of the laser spot on the target however remains fixed
to a certain value r. The ablation track of an ideal point-like
laser spot on the target surface is then a circle with radius r
running both through the inner and outer segment of the
target, see Figure 1a. The composition of the flux of ablated
particles in the plasma moving toward the substrate
correspondingly changes constantly between x and y when
the laser ablates in the inner or outer segment, respectively.
The time average of the particle flux composition and therefore
also the composition of the growing thin film is then directly
Figure 1. (a) Working principle of the novel PLD technique for an
elliptically segmented target with composition x in the inner segment
and composition y in the outer segment. When the radial position of
the laser spot r on the target is varied, also the path length ratio of the
laser track between inner and outer segment changes. This is
emphasized as a change in the intersection angle ϕ between the
circular track of the PLD laser spot and the elliptical boundary of the
two segments. This corresponds to a variation in the thin film
composition. (b) Expected thin film composition in dependence on
the radial position of the laser spot on the target according to eq 3.
The inset shows a photographic image of the target used in this study
prior to deposition.
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related to the ratio of the path lengths of the laser spot in the
outer and inner segment. If the PLD system employs substrate
rotation then the rotational frequency of the substrate should
be much lower than the one of the target. For identical
frequencies, the target composition is mapped laterally onto
the substrate instead of an average cation flux. This effect is
exploited for lateral composition spreads,15 but needs to be
avoided for our approach. The path length ratio is given by the
angle φ(r), which is the intersection angle of the circular path
of the laser spot and the elliptical boundary of the inner target
segment. In the upper panel of Figure 1a a radial position of r1
corresponds to an intersection angle φ1(r1) and a resulting thin
film composition of χ = χ(r1). An increase of the radial position
r to a value of r2 results in a decrease of the intersection angle
to φ2(r2) < φ1(r1) corresponding to an increased path length
ratio, as is shown in the lower panel of Figure 1a. The resulting
average composition of the flux of particles and therefore also
the thin film composition changes as well. The thin film
composition from this particular value of r = r2 is then denoted
as γ = γ(r2) with γ(r2) > χ(r1) for an initial composition of the
target segments y > x. The expected thin film composition can
be quantified by simple geometrical considerations under
assumption of an ideal point-like shape of the focused laser
spot and a stochiometric transfer of the composition of the
target segments. The intersection angle φ(r) can be directly













a is the longer side of the ellipse and b the shorter side, see also
the inset in Figure 1b. The path length in the inner segment is
then given by 4φr and the one in the outer segment by 2πr−
4φr. The resulting thin film composition χ(r) is then the sum
of the composition-weighted ratio of these path lengths to the
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The result is plotted in Figure 1b. For laser spot positions
smaller than the shorter axis of the ellipse b, the composition x
of the inner segment is reproduced as well as the composition y
of the outer segment for r > a. Between these two values of r, a
smooth variation of composition between x and y can be
realized. The consequence is that, using this approach, we are
able to vary the thin film composition by a simple geometric
change of the radial position of the laser spot on the target.
Doing so in situ and stepwise during ablation results in a thin
film whose composition varies (quasi-)continuously in growth
direction. How continuous the gradient will be thereby
depends on the stepsize and number of steps chosen. With
this, we are able to control the chemical composition of thin
films in growth direction for strain engineering, bandgap
engineering or dopant profiles, as only some examples. In
analogy to our segmented target approach for lateral
continuous composition spreads,15 we call this method vertical
(quasi-)continuous composition spread (VCCS).
The MgxZn1−xO thin films in this study were grown using an
elliptically segmented target consisting of binary ZnO inside of
the ellipse and a mixture of ZnO and MgO in the outside. The
ratio of MgO to ZnO was chosen such that the mixture has a
cation ratio of Mg/(Mg + Zn) = 0.4. The powders were ball-
milled prior to use and filled into the target press with an
already elliptical segmentation using an elliptically shaped
metal tube. After pressing, the resulting pellet was sintered in
air at 1150 °C for 12 h. An image of the used ceramic target
prior to deposition is shown as inset in Figure 1b. The inner
elliptically shaped segment has the dimensions of a ≈ 7 mm
and b ≈ 3.5 mm. The Mg-content in the segments was
confirmed using energy dispersive X-ray spectroscopy (EDX)
using a FEI Nova Nanolab 200 system. The geometrical
elongations of the ellipse were further validated by X-ray
diffraction (XRD) 2θ−ω line scans over the target surface
along the shorter and longer axis of the ellipse. For these
measurements, a PANalytical X’pert PRO MRD system was
employed. The reflections corresponding to cubic MgO were
not observed in the binary ZnO segment as expected
(linescans can be found in Figure S1). Therefore, no significant
interdiffusion of Mg-atoms between the segments occurred.
All thin films in this study were grown on a-sapphire
substrates (Crystec). The samples with a single (vertically and
laterally) homogeneous MgxZn1−xO layer were deposited
either on an Al-doped ZnO (AZO) buffer layer or without
any buffer layer. The Al-doped ZnO buffer layers were grown
using a conventional PLD process employing a KrF excimer
laser (Lambda Physik LPX 305) operating at 248 nm
wavelength with a pulse energy of 600 mJ. The laser was
focused to an area of ∼2 × 6 mm2 resulting in an energy
density of ∼2 J cm−2 on the target surface. The setup is
designed such that the laser beam is incident on the target at
an angle of ∼45° with respect to the target normal. The target
to substrate distance was kept at 10 cm. The center of the
target is shifted by about 0.5 cm with respect to the center of
the substrate for a slight off-axis ablation to reduce particulates
on the substrates and increase thin film homogeneity. A
complete description of the PLD setup can be found in refs 10
and 56−58. The target consisted of ZnO and 1 wt % Al2O3.
The substrate temperature during growth of the buffer layers
was kept at ∼670 °C and an oxygen partial pressure of p(O2) =
0.02 mbar was used. The laser pulses for the ∼160 nm thick
buffer layers were applied at a frequency of 15 Hz. The
MgxZn1−xO layers were grown at a slightly lower substrate
temperature of ∼620 °C and the same oxygen partial pressure
as for the AZO buffer layers. The radial position r was fixed for
these layers such that only one homogeneous Mg-content per
sample is expected. Seven samples were deposited for each
buffer with the fixed r ranging from 2−8 mm in 1 mm steps.
The radial position of the laser spot on the target is adjusted by
a rotation of the target carousel. Therefore, the laser spot
moves in an arc over the target surface during a change of r.
The pulse frequency was kept at 15 Hz to ensure a sufficient
point density on the laser track. However, during one rotation
of the target ≲1 nm of material is deposited onto the substrate,
such that a thermal diffusion of Mg-atoms and a homogeneous
distribution throughout the layer is still provided. The
thickness of these layers calculated from the pulse number is
∼40 nm. Reference samples from targets with homogeneous
Mg-content were grown under the same deposition conditions
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using conventional PLD (c-PLD). The vertically composition-
graded MgxZn1−xO layers were grown on similar AZO buffer
layers and with the same deposition conditions as the
homogeneous layers. Here, r was varied stepwise during
deposition, such that layers with defined Mg-content were
stacked on top of each other. Between the deposition of each
of these layers a growth interruption of ∼30 s occurred during
the change of r. The thickness of each layer is ∼20 nm.
The optical properties of the thin films were characterized by
low temperature photoluminescence (PL) spectroscopy at T =
2 K using a He-bath cryostat. The samples were excited either
by a cw-HeCd laser (λ = 325 nm, samples with r ≤ 4 mm) or a
frequency-doubled solid state 532 nm cw-laser (λ = 266 nm,
frequency doubled by a Coherent MBD 266 system, samples
with r > 4 mm, and step-graded layers). The luminescence was
dispersed in a f = 320 mm monochromator (Jobin Yvon
HR320) using a 600 lines/mm grating and was detected by a
liquid nitrogen cooled Jobin Yvon back-illuminated CCD with
2048 × 512 pixels. The PL spectra were deconvoluted using
the program f ityk by M. Wojdyr.59 The crystal structure of the
samples was investigated by XRD 2θ−ω scans using a modified
wide-angle Philips X’Pert Bragg−Brentano diffractometer and
Cu Kα radiation (λ = 1.54 Å). The Mg-content of the
unbuffered samples was determined by EDX with the setup
already described above. Atomic force microscopy (AFM) and
scanning electron microscopy (SEM) was employed to
investigate the surface morphology of the layers, where a
Park Systems XE-150 and a FEI Nova Nanolab 200 was used,
respectively.
■ RESULTS AND DISCUSSION
Homogeneous MgxZn1−xO Thin Films: Optical Prop-
erties. Figure 2a shows the low temperature PL spectra of a
series of MgxZn1−xO thin films grown on ZnO:Al (AZO)
buffer layers using the novel approach. Excitonic emission with
several phonon replica in the distance of the LO-phonon
energy in ZnO of ∼70 meV can be observed. The emission
energy of the layers is clearly larger than any emission expected
from binary ZnO layers60 (gray shaded area in Figure 7a) and
is especially larger than the free excitonic emission in ZnO at
3.375 eV.49,60 Remaining small peaks in the shaded area are
due to emission from the AZO buffer layers. Moreover, the
emission energy and peak broadening clearly increases with
increasing radial position r of the laser spot on the target. This
behavior is expected for the MgxZn1−xO alloy system,
19,20 since
an Mg-incorporation into the lattice causes an increase in
bandgap energy of the alloy crystal50,61 and, therefore, an
increase in the energy of the excitonic emission. An increase of
the line width of the emission is also expected with increasing
Mg-content due to alloy broadening.19,28,62−64 As proposed,
the Mg-content in the thin films therefore increases with
increasing r. Further, only one peak is observed for each
sample. We therefore conclude that in our layers the
distribution of Mg-atoms is homogeneous in growth direction.
Figure 2b shows the PL-spectra of one representative layer
grown at r = 4 mm (red) in comparison to a MgxZn1−xO thin
film grown by conventional PLD (c-PLD, black). The line
shape, peak position and broadening of the emission are almost
identical and emphasize the clearly homogeneous Mg-
distribution and optical quality of our thin films, which is
therefore similar to films grown by c-PLD.
To determine the emission energies and energetic broad-
ening of the excitonic emission, the PL-spectra were
deconvoluted using several Gaussians. A Gaussian line shape
is generally expected for the luminescence of alloy systems due
to inhomogeneous broadening caused by the statistical
distribution of the alloy constituents.62−64 The parameters
for the Gaussian of the maximum of the emission were free
parameters, while the other Gaussians were separated by the
fixed LO phonon energy of 70 meV to account for the phonon
replicas of the emission during fitting. A deconvoluted
spectrum including the single Gaussians can be found in
Figure S3. The Mg-content in the layers was then determined
from the emission energy of the maximum of the excitonic
emission using an empirical formula for similar PLD-grown
layers20
= + +E x x x( )(eV) 3.38 1.35 2.4PL 2 (4)
where EPL is the emission energy and x the Mg-content.
The Mg-content in dependence on r is shown in Figure 3a.
It clearly increases with the radial position until r = 7 mm and
is constant for r > a at a value of x ≈ 0.39. This corresponds to
the composition of the outer target segment (x = 0.4, see blue
dashed line in Figure 3a). A comparison to the Mg-content
expected from theory for an ideal model system (eq 3) is
shown as black dashed line in Figure 3a. It reproduces the data
fairly well for larger r, but deviates for small r. This is due to
the shape of the laser spot, which is not point-like shaped, but
rather elongated (see Figure S2). The laser therefore ablates
Figure 2. (a) Low-temperature photoluminescence (PL) spectra for a
series of MgxZn1−xO thin films grown with different radial positions r
on AZO buffer layers. (b) Comparison of normalized low temperature
PL spectra of MgxZn1−xO thin films with similar composition grown
via c-PLD (black) and the novel technique (red) for r = 4 mm. Line
shape and broadening of the emission are almost identical,
corresponding to similar optical properties of the two thin films.
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also the outer segment for r < b. This increases the Mg-content
for lower r in comparison to the model. Further, the inner
segment of the target does not have an ideal elliptical shape.
Nevertheless, the model reproduces the Mg-content fairly well
with only small adjustments of ε, b, and y in eq 3 to account for
nonidealities of the geometry. Figure 3b shows the energetic
broadening of the emission as the full width at half-maximum
(FWHM) in dependence on the Mg-content in the layers. The
FWHM increases with Mg-content as expected for alloy
systems. Dashed lines are theoretical curves for the alloy
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g is the derivative of the bandgap energy with
respect to the alloy composition. It corresponds to the
derivative of eq 4. Vexc is the excitonic volume, which is taken
as the statistically relevant excitonic volume Vexc = 8π(aB
X)3,62,63
where aB
X is the excitonic Bohr radius given as aB
X(x) = aB
Hεr(x)
m0/μ. Here, εr(x) = 7.46 + 2.24x is the composition-
dependent dielectric constant of MgxZn1−xO,
19,64,67,68 m0 is
the free electron mass and μ = memh/(me + mh) is the reduced
effective mass of the exciton, where me = 0.28m0 and mh =
0.95m0 for the effective polaron masses in binary ZnO was
used69,70(corresponding to band effective masses of 0.24m0
and 0.78m0, respectively). Both values are varying heavily from
publication to publication69−80 (experimental band effective
masses without polaronic effects, me = (0.23−0.5)m0 and mh =
(0.45−0.78)m0, see also ref 74 and references therein) and are
also expected to change with Mg-content.23,37,81,82 The used
value for the electron effective polaron mass was measured
directly using cyclotron resonance,69 while both electron and
hole effective polaron masses used here have been found to
lead to correct exciton transition energies for bulk ZnO as well
as quantum well heterostructures.70 V0 is the inverse cation
density or the minimal volume where potential fluctuations can
occur and is given by half the unit cell volume for wurtzite
MgZnO, which is83
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The constant N takes possible clustering of Mg-atoms into
account and is the average number of Mg-atoms within such a
cluster. This is motivated by the fact that (MgO)N clusters are
fairly stable.84 The experimental broadenings, both for thin
films grown by the novel approach as well as for the reference
samples grown by c-PLD, are indeed lying close to the
theoretical lines of the cluster broadening for N = 3 or 4. Thin
films from literature are mostly following these lines alike,
regardless of deposition method, such as for MBE,16 Laser-
assisted MBE30 or PLD,19,21,57,65,66 as also shown in Figure 3b.
Slightly lower FWHM for some literature samples could be due
to much higher film thicknesses. This further emphasizes the
equivalent optical properties of the thin films grown by the
novel approach as compared to high-quality layers from
literature. The importance of this method lies in the fact that
the whole composition range of the alloy can be grown with
suitable quality from only one single target up to the
concentration of the outer segment.
Homogeneous MgxZn1−xO Thin Films: Structural
Properties. Figure 4a shows the XRD 2θ−ω scans obtained
from a series of unbuffered thin films. Apart from the substrate
peaks labeled as Al2O3, only reflections corresponding to the
MgZnO (0001) plane can be indexed according to JPCDS
card no. 36−1451 (binary ZnO). The thin films therefore grow
purely in the wurtzite phase with a well-defined c-plane
orientation, as expected for wurtzite MgZnO thin films on a-
sapphire.15,85 In Figure 4b, the MgZnO (0002) reflection is
displayed with higher resolution. It shifts to higher angular
positions with increasing r, i.e. increasing Mg-content in the
layers. This corresponds to a decrease in c-lattice constant
typical for MgZnO thin films.15,17 Further, only a single
reflection per layer without any shoulders is observed
emphasizing the homogeneity of the layers and the absence
of any crystallographic phase separation.
In Figure 5a, the c-lattice constant of the thin films is plotted
against their Mg-content determined by EDX. The lattice
constant was calculated from the position of the MgZnO
(0002) reflection. It decreases almost linearly with Mg-content
as expected from literature.15,17 Comparable thin films grown
by c-PLD17,86 show the same trend and similar lattice
constants, such that no additional strain or defects are present
in the layers.87−89 A direct comparison of the XRD 2θ−ω
Figure 3. (a) Mg-content of the MgxZn1−xO thin films in dependence
on the radial position r of the laser spot on the target. The Mg-
content was calculated from the PL-peak energy of the excitonic
emission determined by a deconvolution of the corresponding PL-
spectra. (b) Full width at half-maximum (FWHM) of the excitonic
emission of the thin films in dependence on the Mg-content x. Dashed
lines are theoretical broadenings for the MgZnO alloy system
assuming a statistical distribution of Mg-atoms (eq 5). N corresponds
to the average number of Mg-atoms within a cluster, where (MgO)N
clusters are considered fairly stable. Literature values for several
different techniques are given as open symbols (refs 16, 19, 21, 30, 57,
65, 66). Slightly lower FWHM values for the literature samples are
due to much higher film thicknesses of these thin films.
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scans of the MgZnO (0002) reflection for the reference sample
grown by c-PLD and a thin film with similar composition
grown by the novel technique is shown in Figure 5b. Similar to
the luminescence peaks, the line shape, 2θ position and the
broadening is almost identical confirming equivalent crystalline
quality of the thin films.
For the growth of step-graded heterostructures, the surface
morphology of the homogeneous thin films is of great
importance, since it is the growth template of the following
layers. Further, it defines the roughness of the interfaces of the
layer stack. Figure 6 shows the 2 × 1 μm2 AFM images of four
selected and representative MgxZn1−xO thin films grown on
AZO buffer layers in comparison to a thin film grown by c-
PLD on an AZO buffer layer. One can observe a smooth but
granular surface structure without droplets for this image size.
A low droplet density is also indicated in large area SEM
images shown in Figure S4. The droplet densities are further
similar to or even lower than those of MgxZn1−xO thin films
grown by conventional PLD, also shown in Figure S4. A high
density of droplets can possibly occur using segmented targets,
when the laser ablates at the borders of the segments.15,90
However, pressing and sintering the segmented target as a
whole seems to diminish this effect, since the borders are
pronounced to a significantly smaller extent in comparison to a
target consisting of sawn and piecewise reassembled segments.
This had already been investigated for amorphous zinc−tin−
oxide thin films grown by the lateral continuous composition
spread technique.90 The surface roughness Rq is well below 1
nm regardless of Mg-content in the layers. Further, the surface
morphology is similar to the film grown by c-PLD, the thin
films grown with the novel technique are even slightly
smoother. The surface quality of the layers grown with the
VCCS technique is therefore suitable for the growth of
heterostructures.
MgxZn1−xO Thin Films with Vertical Composition
Spread. For the demonstration of the growth of step-graded
MgxZn1−xO heterostructures, we have deposited several
MgxZn1−xO layers with different composition on top of each
other on a AZO buffer layer. For this, we used a fixed r during
the deposition of each layer which was varied with the
deposition of each subsequent layer in situ. We have grown
and characterized three different sample structures. One where
the Mg-content increases in growth direction with seven
MgxZn1−xO layers deposited using r = 2−8 mm in steps of Δr
= 1 mm (x = 0.08−0.39). The second sample is an inverted
structure of the first layer, where the Mg-content decreases in
growth direction. Finally, the last layer also exhibits an
increasing Mg-content in growth direction, but with a narrower
composition grading of r = 1.5−5 mm in Δr = 0.5 mm steps
(eight MgxZn1−xO layers, x = 0.05−0.28). Each MgxZn1−xO
layer of these stacks had a thickness of ∼20 nm. The
Figure 4. (a) XRD 2θ−ω scans of unbuffered MgxZn1−xO thin films
grown with the novel technique. Besides reflections of the a-sapphire
substrates, only reflections of the thin films corresponding to c-
oriented growth in the wurtzite phase can be indexed. (b) Zoom onto
the wurtzite MgZnO (0002) reflection. β denotes reflections of the
substrate due to Kβ radiation. The peaks shift to higher angular
positions with increasing r (increasing Mg-content) corresponding to
a decrease of the c-lattice constant.
Figure 5. (a) c-lattice constant of MgxZn1−xO thin films grown by c-
PLD and VCCS-PLD, respectively. The data is compared to literature
results.17,86 The reference sample shown in panel b also exhibits a
similar lattice constant. The Mg-content of the samples was
determined by EDX. (b) XRD 2θ−ω scan of the MgZnO (0002)
reflection for a thin film grown with the novel technique (red) in
comparison to a thin film with similar Mg-content grown with c-PLD
(black). Lineshape and broadening are essentially identical corre-
sponding to similar structural qualities.
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corresponding structures are also schematically depicted in
Figure 7a.
Figure 7a further shows the low temperature PL spectra of
the step-graded MgxZn1−xO thin films. One can observe
separate emission peaks for each layer up to r = 5 mm. For
larger r the peaks are already strongly broadened for the single
layers and merge into each other for the graded layers. The
absence of the r = 5 mm emission peak for the inverse graded
layer with decreasing Mg-content shown in red is possibly due
to self-absorption processes. Further, excited electron hole
pairs from these layers can diffuse into regions with lower Mg-
content and recombine there, thus further increasing the
emission intensity for layers with lower Mg-content. The
absence of emission of the r = 5 mm layer is therefore no sign
of lower quality of this layer. Nevertheless, due to the
occurrence of separate peaks in the PL spectra even for the
narrow graded thin film shown in blue, we conclude that
significant interdiffusion of Mg-atoms during growth does not
take place. Therefore, each layer exhibits a well-defined and
homogeneous Mg-content. Further, the peak positions of the
single layers of the three investigated graded thin film samples
coincide very well with each other. Slightly higher energies for
the inversed graded layer are within the error range of the
radial position of the PLD setup. It can be caused by a slight
slip in the position of the target whether r is approached from
an initially higher or lower value. A high reproducibility of the
layer composition is therefore given for the VCCS technique.
The broadening of the peaks is similar as well, a comparison of
emission energies and broadenings for step-graded layers in
dependence on radial positions or the respective Mg-content
can be found in Figure S5. The emission properties of our
graded thin films are further similar to graded MBE-grown
MgxZn1−xO layer structures from literature.
2 Figure 7b shows
an example of the surface morphology of a complete layer
stack, where the AFM image of the narrow graded sample is
shown. The surface is still smooth and granular. The surface
roughness is of the order of one nanometer, even with eight
layers of different composition grown on top of each other.
Our approach should therefore be suitable for the growth of
high-quality ternary alloy heterostructures with a well-defined
and controllable composition gradient or even graded quantum
well structures.
■ CONCLUSION
In summary, we have demonstrated a novel PLD technique for
the control of the chemical composition of ternary alloy thin
films in growth direction suitable for the growth of high-quality
composition graded heterostructures. The technique, which we
call vertical continuous composition spread (VCCS), employs
Figure 6. AFM images of the surface of AZO buffered MgxZn1−xO
thin films for different values of r (and x) in comparison to a thin film
grown by c-PLD. Smooth surfaces can be observed for all Mg-
contents. The surface morphology is analogous to thin films grown by
c-PLD.
Figure 7. (a) Low-temperature PL-spectra for step-graded
MgxZn1−xO thin films. The radial position of the laser spot on the
target has been changed stepwise during growth according to the
schematics next to the spectra. Slightly higher energies for the
inversed grading (red) are within the error of the radial position of the
PLD setup and can be due to a small slip depending on whether a
position is approached from higher or lower r. (b) AFM image of the
step-graded thin film with Δr = 0.5 mm. A smooth surface
morphology of the complete stack is still observable.
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a single elliptically segmented PLD target with different
chemical composition inside and outside of the ellipse. We
have shown that we are able to control the composition of
MgxZn1−xO thin films by the radial position of the PLD laser
spot on the target. Homogeneous MgxZn1−xO thin films were
grown spanning almost the complete composition range
between inner and outer segment of the used target (binary
ZnO inside and Mg0.4Zn0.6O outside of the ellipse). The Mg-
content in the layers in dependence on the radial position r of
the laser spot on the target is in reasonable agreement with the
theoretically calculated composition assuming an ideal point-
like PLD laser spot. The optical and structural quality of the
layers is similar to comparable thin films grown by conven-
tional PLD, such that the layers are suitable for the growth of
composition-graded heterostructures. As a consequence, the
growth of step-graded MgxZn1−xO thin films with highly
reproducible and well-defined Mg-content of the single layers
has been demonstrated. Correspondingly, no signs of a
significant interdiffusion of Mg between the single layers
could have been found. This approach is of course transferable
to any other material system, as long as an elliptically shaped
target can be produced from the two involved materials.
Therefore, it is promising for future work on composition-
graded thin films for strain engineering, bandgap engineering
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Rohnke, M.; Schörmann, J.; Eickhoff, M. ZnO/(ZnMg)O single
quantum wells with high Mg content graded barriers. J. Appl. Phys.
2012, 111, 113504.
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Figure S1: XRD 2θ-ω linescans over the elliptical target used in this study along (a) the
longer side and (b) the shorter side of the ellipse. A decrease of the intensity of cubic
MgO reflexes in the region of the inner binary ZnO segment can be clearly observed. The
respective regions are emphasized with white arrows. Dashed white lines denote the borders





Figure S2: Schematic depiction of the change of laser ablation area with the radial position
of the laser spot on the target. The size of this area is decreasing due to an arc-like trajectory
of the laser spot when changing radial positions.
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Figure S3: Deconvolution of the photoluminescence spectrum (red solid line) of one thin film
grown using the new method. Several Gaussians as model curves with a fixed distance of
the LO-phonon energy in ZnO (≈ 70 meV) were used (green dashed line) to reproduce the
experimental PL-spectrum. The complete model as sum of the single Gaussians is shown as
blue solid line.
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Figure S4: (a)-(d) Large area SEM images of MgxZn1−xO thin films grown on AZO buffer
layers using the novel technique. Radial position r and Mg-content x as indicated. A low
droplet density can be observed. (e) and (f) Large area SEM images of MgxZn1−xO thin films
grown on AZO buffer layers by conventional PLD with Mg-content as indicated. Similar or
higher droplet densities in comparison to films grown with the novel technique are found.
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Figure S5: (a) Mg-content in the graded barrier layers with different grading step sizes ∆r,
start and end radial positions r and different used buffer layers as indicated. The starting
layer is defined as the first layer deposited onto the buffer structures. Mg-content calculated
from the PL-emission energies of the layers determined by a deconvolution of the spectra
using Gaussians. A high reproducibility of our approach can be inferred. (b) Broadening of
the emission peaks of the single layers in the graded structures in comparison to theoretical
models for alloy and cluster broadening and to the homogeneous layers. The FWHM was
also determined by deconvolution of the PL-spectra as described before.
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A Review of the Segmented-Target Approach to
Combinatorial Material Synthesis by Pulsed-Laser
Deposition
Holger von Wenckstern,* Max Kneiß, Anna Hassa, Philipp Storm, Daniel Splith, and
Marius Grundmann
Combinatorial material synthesis has led to a significant acceleration in the
optimization of multinary compounds and a more efficient usage of source and
substrate materials. Various growth methods, including physical vapor deposi-
tion, can be adopted to realize material libraries. Herein, two approaches to
combinatorial material synthesis based on ablation of segmented targets during
pulsed-laser deposition are reviewed. For these two processes, either laterally or
radially segmented targets are utilized and allow the creation of lateral and
vertical composition spreads, respectively. Radially segmented targets can
additionally be used to synthesize a discrete binary material library. Both
approaches are introduced by calculating the expected material distribution with
a simple geometric plasma expansion model. Then, experimentally determined
elemental distributions and growth rates are compared to predictions and it is
demonstrated that differences between calculated and experimental data contain
vital information on the influence of, for example, thermodynamic processes on
the growth mechanism.
1. Introduction
Approaches to combinatorial material science have become more
and more common in solid-state physics since the 1990s, even
though first attempts date back to the 1960s. At that time,
Kennedy et al. introduced the simultaneous evaporation of metals
from three different sources that were arranged at the corners of
an equilateral triangle.[1] The co-evaporation of three different met-
als yielded their ternary-phase diagram determined by spatially
resolved X-ray diffraction measurements.
In the next few years, co-sputtering of two
targets was used for instance to systemati-
cally study the impact of noble metal con-
centration on properties of cermet films[2]
and to investigate the critical temperature
in binary superconducting thin films with
lateral composition spread,[3] respectively.
In 1970, Hanak used a single but segmented
target in a sputtering process to obtain a sys-
tematic lateral variation of the chemical
composition in thin films.[4] Twofold and
threefold segmented-target configuration
were suggested resulting in a binary or
ternary-phase diagram, respectively. They
referred to the method as “Multiple-
Sample Concept” and applied it to deter-
mine the transition temperature TC of
Mg–Mo mixtures as a function of composi-
tion. Hanak estimated the output rate of
experimental results of the Multiple-
Sample Concept and the conventional one-by-one sample
approach. The output rate was about 30 and 750 times higher
for binary and ternary-phase diagrams, respectively.[4] However,
it took until the 1990s for combinatorial material science to
seriously enter solid-state physics. Czapla and Kusior followed
Hanak’s segmented-target sputtering approach and grew
Al2O3–TiO2 thin films with continuously changing refractive
index for gradient-index optical filter applications.[5] In 1995,
Xiang et al. developed a physical mask-based procedure to realize
discrete solid-state compound libraries for material discovery.[6]
In a discrete material library, there exist distinguishable regions/
samples with homogeneous composition, whereas in a continu-
ous composition spread (CCS) library, the material composition
exhibits a continuous systematic variation along a gradient
direction. Xiang et al. used masks to control condensation of
the incoming particle flux on predefined substrate sites with lateral
dimensions down to 200 μm 200 μm. Combinations of different
masks and sputter targets results in different compositions on dif-
ferent sites and with that a spatially addressable thin film library.
A thermal annealing step of the room-temperature sputtered
layers leads to a homogenization of the individual compounds.
This approach was successfully used to seek new magneto-resis-
tive[7] and superconducting material combinations.[6] These stud-
ies triggered adaptations of other physical-deposition techniques
including electron beam evaporation,[8] molecular beam epitaxy[9]
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and pulsed-laser deposition (PLD).[10–13] The advances in the deter-
mination of material properties with high spatial resolution since
the 1990s made the multiple-sample concept of Hanak and cow-
orkers easier to handle and growth of thin films with CCS for the
investigation of phase diagrams of ternary or quaternary alloys
became highly efficient. Concerning PLD, this was demonstrated
first by construction of the phase diagram of the doped Mott insu-
lator La1––xSrxMnO3.
[14] The exchange of ceramic LaMnO3 and
SrMnO3 targets was synchronized with the movement of a mask
partially shadowing one of the sides of a heated substrate enabling
a continuous change of thin film composition. PLD with seg-
mented targets was reported for growth of laterally homogeneous
layers.[15,16] In 2013, a facile CCS–PLD approach was introduced
that is based on a synchronized rotation of target and substrate, the
ablation of segmented PLD targets, and off-axis PLD.[17] If these
conditions are fulfilled, CCS–PLD does not require any changes in
existing PLD chambers and presents a simple approach to com-
binatorial material science. The segmented-target method can be
adapted such that a material gradient in growth direction and dis-
crete combinatorial synthesis (DCS) is feasible.[18] In the follow-
ing, we will introduce and describe these two variants in detail
and will discuss numerical and selected experimental results on
group-III sesquioxides and (Mg,Zn)O alloy semiconductors.
2. The Segmented-Target PLD Approaches
Developed at the University of Leipzig
In this section, the two segmented-target PLD processes that
were developed within the Collaborative Research Center 762
are introduced by simulations of the respective process. Both
methods, to which we refer to as CCS–PLD and the vertical
CCS–PLD (VCCS–PLD), are by now standard processes in our
laboratories and significantly helped to reduce target as well
as substrate consumption.
2.1. CCS–PLD: Creation of Lateral Continuous Composition
Spreads
Within the Multiple-Sample Concept of Hanak, segmented tar-
gets enabled the deposition of thin films with lateral variation of
the composition with a single sputter source.[4] In the sputtering
process, the whole target area is ablated and if target and sub-
strate are fixed, a lateral variation of the thin film composition
is obtained in a straightforward manner. Concerning PLD, for
which a schematic of the deposition geometry is shown in
Figure 1, the spot size of the laser on the target defines the abla-
tion area which is typically smaller compared with the target sur-
face. Therefore, PLD targets are rotated during deposition to
assure an uniform ablation of the target material. Typically,
the substrate is rotated as well and enables deposition on larger
substrates if an off-axis PLD configuration, for which a certain
lateral distance (offset) between the projection of the laser spot
on target and the substrate center as shown in Figure 1b exists, is
used. This offset is referred to ε from now on and is, in addition
to target segmentation, one of the crucial requirements of our
CCS-PLD process. We will explain the method for a two-fold seg-
mented target as shown in Figure 2. The two semicircular target
segments shall consist of material A and B, respectively. At the
start of the process, the laser is incident on segment A and the
ablated material condensates around position 1 on the substrate
as shown in Figure 2a. Target and substrate rotation are synchro-
nized and after both have rotated 180 as shown in Figure 2b the
laser ablates material B condensing in the vicinity of position 2
(being on the opposite substrate side of position 1, around which
material A condensed). This process is now repeated until the
desired film thickness is deposited. Since this approach does
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not require target exchanges nor partial shadowing of the incom-
ing particle flux, the deposition and growth rates are similar to a
standard PLD process. The actual compositional gradient
depends on 1) the offset ε, 2) target-to-substrate distance, 3)
the background pressure, and 4) the composition of the target
segments and their respective sputter yield.
The elemental distribution on the substrate can be modeled by
using a cos ðθÞn angular dependence for the deposition rate.
Differences in the sputter yield of material A and B are considered
by the transfer coefficients γA and γB. Throughout the article,
γA ¼ 1 and γB may vary. The influence of the background pressure
on the elemental distribution is expressed by the exponent n of the
cosine function. The offset ε is considered in the angle
θ ¼ ðr  εÞ=zs, where r represents the distance from the substrate
center. For a single composition gradient r corresponds to the
radial distance from the substrate center along the gradient line.
The distribution of A and B on the substrate is with that














The thin film composition x and thickness t (or alternatively
the growth rate rg) at a position r is
xðrÞ ¼ f BðrÞ
f AðrÞ þ f BðrÞ
(3)
tðrÞ ¼ ðf AðrÞ þ f BðrÞÞ ⋅ k (4)
where k subsumes the overall amount of ablated material during
an experiment. For the simulations discussed later, k¼ 1. If
modeled data is compared with the experimental data, k is
adjusted such that the experimental values are best matched
by the calculations.
We have calculated the impact of the parameters (keeping in
each case the other parameters constant with values of
ε¼ 26mm, n¼ 12, zs¼ 100mm, γA ¼ 1 ¼ γB) and the results
are depicted along the composition gradient direction in
Figure 3 for a 3 in. in diameter substrate. In Figure 3a, the impact
of the offset ε is visualized.
For ε¼ 0mm, the positions 1 and 2 of the previous explana-
tion are located both at the substrate center and hence material A
and B are deposited equally across the entire substrate—the com-
position of the film is A0.5B0.5 as shown in Figure 3a. The film
thickness is maximal at the substrate center and decreases
according to the cos ðθÞn distribution with increasing distance
from the center as shown in Figure 4a. For ε> 0mm, a material
gradient establishes. The lateral composition change is virtually
linear along the gradient direction for ε≤ 15mm and the com-
position range is considerably smaller than the entire binary-
phase diagram. For higher offset, the variation becomes more
and more S-shaped. Furthermore, the maximal span of compo-
sitions increases strongly with ε for ε≤ 30mm. For larger values
of ε, the composition at the endpoints of the gradient
line approaches A and B, respectively. The lateral variation of
film thickness decreases for ε> 0 and is minimal for
30mm< ε< 35mm. For even higher ε, the film thickness inho-
mogeneity increases again and t has a minimum at the substrate
center. The offset can be used to determine the spatial depen-
dence of the composition change, the span of accessible mix-
tures, and to control the variation of film thickness. The
influence of the target-to-substrate distance zs is shown in
Figure 3b. Smaller values of zs result in a strong S-shaped change
in composition with comparatively high gradient around the sub-
strate center. Such configuration is beneficial for deposition on
smaller substrates. With increasing zs, the curvature decreases
and the range with approximately linear spatial composition
change increases. In general, the mixing of material A and B













Figure 2. Illustration of CCS-PLD. a) Ablation of constituent A and sche-
matic representation of the distribution of elements from target compo-
nent A on substrate position 1. b) Target and substrate are rotated by 180.
Constituents of segment B are primarily incorporated at substrate location








Figure 1. Definitions of the parameters introduced in themain text depicted
in a) side view of the plasma plume and b) a top view of the substrate.
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Figure 3. Composition x(r) along the gradient direction on a 70mm in
diameter substrate with its center at r¼ 0mm. The lateral variation
of x is calculated as function of a) the offset ε, b) the target-to-substrate
distance zs, c) the exponent of the cos-function n being related to the
background pressure, and d) the transfer coefficient ratio γB=γA. The
values of the parameters are provided in the legends; in case of
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Figure 4. Thickness t(r) along the gradient direction on a 70mm in
diameter substrate with its center at r¼ 0 mm. The lateral variation of
x is calculated as function of a) the offset ε, b) the target-to-substrate
distance zs, c) the exponent of the cos-function n being related to the
background pressure, and d) the transfer coefficient ratio γB=γA. The val-
ues of the parameters are provided in the legends; in case of a) and b),
they are given in dimensions of mm.
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is similar to the reduction of the offset parameter ε. The variation
of film thickness, depicted in Figure 4b, illustrates this clearly.
For zs¼ 90mm, a rather homogeneous thickness is achieved
which is similar to that of Figure 4a for ε¼ 30mm. The change
in the thickness distribution for lower (higher) values of zs is
alike to the change for higher (lower) ε. The impact of the back-
ground pressure is shown in Figure 3c by a variation of n. For
high n-values (low pressure), the plasma plume is highly direc-
tional and hence the mixing of material A and B is lowest. The
spatial compositional variation is S-shaped, similar to the case for
higher ε values or lower target-to-substrate distances. For increas-
ing background pressure (decreasing n), the plasma plume
broadens, which means that materials A and B are distributed
over a larger substrate area, implying that a stronger mixing
of the two occurs. This translates to smaller range of composi-
tions and a more and more linear change in composition along
the gradient line. Again, similar effect is seen as shown in
Figure 4a,b for decreasing ε and increasing zs, respectively.
In general, different materials have different sputter yield and
growth rate. This can be considered by the transfer coefficient γ.
The ratio of transfer coefficients can be obtained from the mid-
point composition ratio γA/γB¼ γMP¼ x/(1 x) at r¼ 0mm. In
Figure 3d, gradient profiles are shown as a function of γB and
γA¼ 1. As γB and the share of material B decreases γMP system-
atically decreases and the gradient profile is strongly bent at the
material A side of the substrate (r< 0mm), whereas the bending
decreases on the opposite substrate side. Different transfer coef-
ficients lead to an asymmetric thickness distribution. The film
thickness will be higher at the substrate side where the material
with higher transfer coefficient γ is deposited as shown in
Figure 4d.
In conclusion, CCS–PLD allows to control the spatial variation
of thin film composition by adequate choice of the offset ε, the
background pressure, and the target-to-substrate distance zs. The
influence of these parameters on the elemental distribution can
be summarized as follows: steep gradient around the substrate
center and strong bending are obtained in tendency for 1) high ε
values, 2) small target-to-substrate distance zs, and 3) low back-
ground pressure. Smaller ε, higher pressure, and higher zs yield
a nearly linear change in composition. Hence, if one of these
three parameters has to be fixed, the other two parameters
can be adjusted such that, for example, a nearly linear gradient
across a predefined substrate area is achieved. Furthermore,
the CCS–PLD growth rate is similar to conventional PLD, as
neither a shadowing by (movable) masks nor a target exchange
is required. Furthermore, the segmented-target PLD approach can
easily be extended to create multinary phase diagrams.[17,20,21] For
that, three or more target segments are required. In Figure 5,
we show examples of possible target segmentations and the
expected composition spread in false colours.
2.2. VCCS–PLD Process: Discrete Combinatorial Synthesis and
Creation of Vertical Composition Gradients
Composition gradients in the direction of thin film growth
enable bandgap or doping profiles as well as strain engineering
in device structures such as high electron-mobility transistors,
quantum well light-emitting diodes (LEDs) or laser diodes as well
as photodetectors. Such vertical composition gradients require
the exact control of the particle flux offered at the substrate.
This is established for deposition methods such as molecular
beam epitaxy or metal–organic chemical vapor deposition.
However, for PLD, the particle flux composition is directly cor-
related to the target stoichiometry. Therefore, a variation of the
particle flux composition typically requires a change in the target
such that rather complicated multi-beam[22] or movable-mirror
setups[16] emerged. In 2018, we introduced a straightforward
approach to gain control over the particle flux that requires only
a single radially segmented target and the control over the radial
position of the laser spot on the target surface.
We demonstrated this technique using elliptically segmented
targets,[18] where the inner segment of the ellipse features a dif-
ferent composition than the outer segment. We shall denote the
composition of the inner segment as AxB1–xO, the one of the
outer segment as AyB1–yO, respectively. In our standard PLD
approach for single-composition targets, the target would be
rotated and the radial position R of the laser spot on the target
surface would be changed continuously to ensure a homoge-
neous ablation of the target surface. We will use the capital R
to describe the radial distance of the laser spot from the target
center and will continue to use r for a radial distance from
the substrate center. In our VCCS–PLD approach, we fix this
radial laser spot position to a certain value of R and rotate the
target similar to the standard approach, such that the laser ablates
a circular track on the target surface as shown in Figure 6a. The
Figure 5. Exemplary target segmentations and the resulting modeled thin film composition.
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particle flux composition is now changing constantly over time
either being AxB1–xO or AyB1–yO, depending on whether we are
ablating in the inner or outer segment of the target and assuming
stoichiometric ablation of the segments. The resulting thin film
composition for this particular value of R is then given by the
time average of the particle flux composition χðRÞ. This time
average is directly correlated to the ratio of path lengths of the
laser spot in the outer and inner segment of the target. The path
length ratio is given by the angle φðRÞ, which is the intersection
angle of the circular path of the laser spot and the elliptical
boundary of the inner target segment. In the upper panel of
Figure 6a, a radial position of R corresponds to an intersection
angle φ1ðR1Þ and, if a stoichiometric material transfer is
assumed, a resulting thin film composition of χ1 ¼ χðR1Þ. If
the radial position R is now increased to a value R2, the intersec-
tion angle decreases to φ2ðR2Þ< φ1ðR1Þ. This corresponds to an
increased path length ratio as is shown in the lower panel of
Figure 6a that directly correlates to a different average composi-
tion of the flux of particles and therefore also a different thin film
composition χðR2Þ. Under the assumption of an ideal point-like
laser spot on the target as well as a stoichiometric transfer from
the target segments to the substrate, we can give an analytical
expression for the expected thin film composition based on sim-
ple geometrical considerations. The intersection angle φðRÞ is
directly given in the known equation for an ellipse
RðφÞ ¼ bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 ε2cos2φ






where a is the longer side of the ellipse and b the shorter side;
see also the inset in Figure 6b. The path length in the inner seg-
ment can be expressed as 4φR and in the outer segment by
2πR 4φR consequently. The resulting average particle flux
as well as thin film composition χðRÞ is simply the sum of
the composition-weighted ratio of these path lengths to the total
circumference 2πR of the circle of the laser path
χðRÞ ¼ ð4φRÞx þ ð2πR 4φRÞy
2πR
: (6)
We now only need to solve Equation (5) for φ and plug the
result in Equation (6) to obtain an analytical result for the
expected thin film composition















The result is plotted in Figure 6b. If we choose the laser spot
position R smaller than the shorter axis of the ellipse b, the com-
position x of the inner segment is reproduced, and consequently,
we obtain the composition y of the outer segment for R> a.
A smooth variation of composition between x and y can be realized
for values of R between these two extremes. One can therefore
control the thin film composition in a well-defined way by a sim-
ple geometric change in the radial position R of the laser spot on
the target surface. If R is changed in situ and stepwise during
ablation, one can deposit a thin film with a (quasi-)continuously
in growth direction. The smoothness of the gradient is of course
then determined by the exact number of steps and the respective
step size as well as the thickness of each layer. With this, one has
a powerful tool that allows the control over the particle flux com-
position of the PLD plasma that can be utilized to realize any
possible bandgap or dopant profile as well as to perform strain
engineering. Moreover, this method can be used to deposit








Figure 6. a) Schematic depiction of the working principle of the VCCS PLD
technique for an elliptically segmented target. x and y denote the compo-
sition of the inner and outer segment of the target, respectively. An
increase in the radial position of the laser spot from R1 to R2 corresponds
to a decrease in the intersection angle φ between circular laser track and
elliptical border of the inner segment, which in turn decreases the path
length ratio of the laser spot in the outer segment. This then changes
the expected thin film composition. b) Thin film composition as function
of the radial position r of the laser spot on the target surface according to
the analytical model given in Equation (7). The insets show a photographic
image of an elliptically segmented Mg0.4Zn0.6O/ZnO target and a scheme
defining the shorter and longer ellipse axis, respectively.
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x and y and enables DCS for any alloy system or dopant in a
material. In analogy to the segmented-target approach for lateral
CCS presented in the previous section, we call this method
vertical (quasi-)continuous composition spread (VCCS). Thin
film quality regarding crystal structure, surface morphology
and optical properties, as well as deposition rates and phase
stabilization limits were shown to be similar to a standard
PLD process.[18]
It should be noted that not only an elliptical segmentation
may be used to create composition gradients or to generally vary
the particle flux in a well-defined way. Also other radial segmen-
tations are possible as long as the path length ratio varies
with R, such as rectangular shapes, star-like shapes, or even
heart-shaped segments. In the inset of Figure 7a, heart-
shaped inner segment is shown. The borderline of each half
resembles an Archimedean spiral for angles of rotation
between 0≤ϕ≤ π. These segments are adjoined mirror-
symmetrically leading to the heart-shaped inner segment.
The resulting linear dependence of the thin film composition
(stoichiometric transfer assumed) on the radial laser spot posi-
tion is shown in Figure 7.
The aforementioned analytical model can be refined to
account for different shapes of the segments as well as the exact
size of the PLD laser spot as parameters that can practically vary
for a specific PLD setup or during target fabrication. For this,
Monte-Carlo simulations were performed where the shape of
the target segmentation and laser spot size can be defined.
The size of the PLD laser spot is considered by defining an annu-
lus on the target surface with given inner and outer radii Ri and
Ro, respectively. The laser spot position is set to Ro and the size of
the laser spot by Ro Ri. A large number of random positions
confined inside the area of the annulus is then created and
the number of those positions that are within the inner segment
are counted as well as the total number of created positions.
The ratio of the number of positions inside the inner segment
of the target compared with the total number of incidents
can then be evaluated similar to the path length ratio in the
analytical model.
Figure 8a shows the expected thin film composition as func-
tion of R when the laser spot size is varied between 0.5 and 5mm
in comparison with the analytical model. As can be seen, a con-
trollable variation of the composition is given for all spot sizes.
For low spot sizes, the shape of the analytical model can be repro-
duced quite well, whereas the characteristic S-shape smears out
for larger spot sizes and the variation of the composition takes
place in a larger range of radial positions as the laser still ablates
in the inner segment for radial positions larger than the longer
axis of the ellipse. The effect of the variation of the shape of the













0 0.2 0.4 0.6 0.8 1.0
Figure 7. Linear variation of thin film composition as function of the nor-
malized radial PLD spot position R/Rtot enabled by a heart-shaped inner
target segment depicted in the inset. Its borderline resembles an
Archimedean spiral for rotation angle 0≤ ϕ≤ π mirrored at the vertical
center line. Dashed white lines indicate point-like laser spot race tracks
for normalized radial positions of 0.2, 0.4, 0.6, and 0.8.
(a)
(b)
Figure 8. Monte-Carlo simulations of the expected particle flux composi-
tion ratio ½χðRÞ  x=½y x for elliptically segmented targets. a) Target
with shorter axis b and longer axis a of the inner elliptical segment and
a variation of the PLD laser spot size as indicated, respectively. The green
curve is the analytical model for an ideal point-like shaped laser spot. b)
Simulation for a fixed laser spot size of 2 mm and shorter axis of the ellipse
of 3.5 mm and a variation of the ratio a/b as indicated. Bold lines represent
typical conditions in our laboratories.
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composition is shown in Figure 8b. Here, the ratio a/b of longer
to shorter axis of the ellipse was varied from a value of 1 (corre-
sponding to an circular inner segment) to 2.29. A controllable
particle flux composition is given here as well for a large range
of target geometries. For larger values of the ratio, the character-
istic S-shape of the analytical model is reproduced again. When
the inner segment is circular, the composition varies almost lin-
early, but only in a limited range of radial positions such that the
target area cannot be utilized completely.
3. Growth of Ternary Semiconducting Oxides by
CCS–PLD and VCCS–PLD
In the following, we will discuss the lateral elemental distribution
of ternary group-III sesquioxides grown by CCS–PLD.
Experimental and calculated gradient profiles will be compared
not only to elucidate the strength but also the limitations of the
basic geometrical CCS model described earlier. After that, we
will discuss (Mg,Zn)O thin films with composition gradient in
growth direction obtained by VCCS–PLD. Furthermore,
VCCS–PLD is used for DCS of a (Mg,Zn)O material library.
Finally, selected fundamental material properties of CCS–PLD
as well as VCCS–PLD thin films will be discussed as a function
of the alloy composition.
3.1. Target Preparation
The segmented PLD targets were fabricated in-house using
Al2O3 (purity 99.97%), Ga2O3 (99.999%), In2O3 (99.995%),
MgO (99.99%), ZnO (99.999%) as source powders. In our stan-
dard process, the source powders are presintered at 1150 C for
10 h in air. Subsequently, the powders are ball-milled. For ter-
nary target pieces, adequate amounts of presintered source pow-
ders are mixed and homogenized. For laterally and radially
segmented targets, semicircular or elliptical molds are used to
define the shape target segments. The molds are filled with
the respective powder, then they are removed and the powders
are cold-pressed. The cold-pressed targets are finally sintered at
about 1150 C (1350 C) for 12 h (72 h) in the case of ZnO and
MgZnO (Al2O3, Ga2O3, and In2O3). Figure 9 shows a
photographic image of a laterally and a radially segmented target
right after sintering.
Initially, laterally segmented targets were realized by simple
sawing of entire targets into semicircular pieces and by assem-
bling two pieces into one target.[17]
3.2. CCS–PLD of Group-III Sesquioxides
The group-III sesquioxides and particularly Ga2O3 have gained
significant research interest in the last years, which was triggered
by the demonstration of a power transistor by Higashiwaki et al.
in 2012.[23] The advantages of Ga2O3 with respect to SiC and GaN
are the availability of large-area native substrates, high bandgap
of about 4.9 eV combined with high electrical conductivity and
large electric breakdown field of about 8MV cm1.[24–27] Ga2O3
appears in five different polymorphs, among which the so-called
β-Ga2O3 modification, crystallizing in monoclinic beta-gallia
crystal structure (C2/m), is most stable at ambient conditions.
For high-power device applications but also for exploitation as
deep-UV photo detectors bandgap engineering is needed and
can be achieved by alloying with indium and aluminium result-
ing in a decrease and increase of the fundamental bandgap,
respectively. The ground-state crystal structure of In2O3 and
Al2O3 are the cubic bixbyite and the rhombohedral corundum
structure and hence phase separation is expected in ternary
(In,Ga)2O3 and (Al,Ga)2O3 layers.
3.2.1. Lateral Composition Spread in (InxGa1–x)2O3 and
(AlxGa1–x)2O3 Thin Films—Comparison of Experiment and
Geometrical Model
Two-fold segmented PLD targets were fabricated and consisted
of semicircular segments of 1) binary In2O3 and binary Ga2O3 or
2) binary Al2O3 and binary Ga2O3.
[28–30] Ternary thin films were
grown on 2 in. in diameter (100)MgO substrates at TG  650∘ C
and oxygen-rich conditions (pressure pO2 ¼ 0.08 mbar) by CCS-
PLD. The target-to-substrate distance is zs¼ 100mm and the off-
set is ε¼26mm
Energy-dispersive X-ray (EDX) spectroscopy was used to map
the composition of the thin films with high spatial resolution. In
Figure 10, the lateral variation of the cation composition is
depicted along the gradient direction. In perpendicular direc-
tions, the composition of the thin films is essentially constant.
For both alloys, the spatial dependence of composition has a
slight S-shape only, indicating that the experimental conditions
resemble calculation corresponding to 1) intermediate values
of ε, 2) intermediate to higher values of n and zs. Indeed, the
geometric parameters are with ε¼ 26mm and zs¼ 100mm in
the respective range. For both ternary systems, the midpoint
(r¼ 0mm) ratio of composition γMP is not 50/50, implying that
different transfer factors γ have to be considered. As for both
cases γMP < 1, and as for (AlxGa1–x)2O3, γMP is smaller than
for (InxGa1–x)2O3, the following relation for the transfer coeffi-
cients must hold: γGa2O3 > γIn2O3 > γAl2O3 . We have modeled
the gradient profiles for the two ternary thin films and plotted
the data in Figure 11. The transfer coefficient of Ga2O3 is fixed
at γGa2O3 ¼ 1. The transfer factor of the Al2O3 and In2O3 are then
obtained from the respective midpoint (r¼ 0mm) ratio of
Figure 9. Photographic image of laterally (left) and radially (right) seg-
mented PLD targets. The left (right) semicircular segment of the laterally
segmented target consists of Ga2O3 (mixture of 50% Ga2O3% and 50%
Al2O3). The inner (outer) segment of the radially segmented target con-
sists of Ga2O3 (mixture of 80% Ga2O3 and 20% In2O3).
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composition γMP. For (Al,Ga)2O3, γMP ¼ x=ð1 xÞ ¼ 1=32=3 ¼ 0.5,
and for (In,Ga)2O3, γMP¼ 0.425/0.575¼ 0.74. Despite the simi-
lar growth conditions, slightly different values of n¼ 12 and
n¼ 13 reproduce the experimental data of (AlxGa1–x)2O3 and
(InxGa1–x)2O3, respectively, best. The calculated gradient profiles
for these n-values are highlighted in the Figure. A careful look on
the experimental data (cf. Figure 10) reveals a somewhat stronger
bending and stronger S-shape for (InxGa1–x)2O3, which requires
(cf. Figure 3) a higher value of n in the model. Overall, the experi-
mentally determined composition gradients of ternary group-III
sesquioxides grown under oxygen-rich conditions can be well
described by the simple geometrical model.
The model also yields the spatial dependence of the growth
rate and with that lateral variation of thin film thickness.
Experimentally, the thin film thickness was deduced at selected
sample positions from spectroscopic ellipsometry measure-
ments.[31,32] The experimental and calculated data are compared
in Figure 12 for various n-values. For the calculations, the same
input parameters as in the calculation mentioned earlier were
used. As different transfer coefficients were required to model
the EDX-data, a lateral variation of the thickness is expected.
As can be seen in Figure 12a, the thin film thickness of
(AlxGa1x)2O3 decreases toward the Al-rich side, which is well
reproduced by the model with the same parameters used for
calculating the composition gradient. The higher transfer
coefficient of Ga2O3 results in a higher thin film thickness
on the Ga-rich side. For (In,Ga)2O3, the difference of the binary
transfer coefficients is smaller and hence the model predicts a
smaller relative variation of the thickness than for (Al,Ga)2O3.
Furthermore, it predicts a maximum shifting toward the
Ga-rich side for increasing n-values as shown in Figure 12b.
Experimentally, a systematic increase in the sample thickness
with increasing In-content is observed in contrary to the model.
As the composition gradient was reproduced well by the model
with the same parameters as used for thickness calculation,
the binary growth rate of both In2O3 and Ga2O3 must inc-
rease similarly with increasing In-content. Otherwise, the
compositional gradient would be distorted and not have the
point-symmetric S-shape. For (In,Ga)2O3 thin films, grown
by molecular beam epitaxy, an increase in the growth rate of
binary Ga2O3 was observed in the presence of In.
[33,34] The oxi-
dation of In occurs at higher rate than the oxidation of Ga and
leads to the formation of In2O3 at the surface. Subsequently,
Indium can be exchanged by Ga as the Ga–O bond strength
is higher than that of In–O. The remaining In is either desorbed
or is fully reoxidized and then incorporated or again subjected
to cation exchange. As for low r, the Ga-flux is much higher than
the In flux, gallium atoms will be oxidized as well. Some of
these atoms will form volatile Ga2O and will be desorbed.
The rates of these processes change with increasing amount
of In the particle flux, particularly the share of In taking part
in the exchange reaction and the share of Ga being lost due
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Figure 10. Variation of the cation composition along the gradient direc-
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Figure 11. Experimental and calculated lateral composition spread of a)
(AlxGa1–x)2O3 and b) (InxGa1–x)2O3 thin films. The calculated data is shown
as function of the exponent n as labeled. Best matching curves are indi-
cated by bolder red-dashed lines. For the calculations, we used for Ga2O3 a
transfer factor of γGa2O3 ¼ 1, for In2O3 of γIn2O3 ¼ 1.35 and for Al2O3 of
γAl2O3 ¼ 2.
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an overall increase in the growth rates of both Ga2O3 and In2O3.
However, these thermodynamically driven processes cannot be
explained within the simple geometrical model and require a
more refined description. Nevertheless, it yields clear evidence
if thermodynamics plays a decisive role during sample growth
in addition to the kinematic plasma expansion.
3.2.2. Nonstoichiometric Material Transfer—the Influence of
Thermodynamics on Lateral Composition Spread in (InxGa1–x)2O3
and (AlxGa1–x)2O3 Thin Films
The growth of group-III sesquioxides at oxygen-poor conditions
is an indicative example for a nonstoichiometric incorporation
of cations in ternary thin films. In Figure 13, the lateral distri-
bution of In and Al in (InxGa1–x)2O3 and (AlxGa1–x)2O3 CCS
thin films along the gradient, respectively, is shown. Both gra-
dient profiles reveal significant deviations from calculated pro-
files discussed in Section 2.1. Similar to group-III nitrides,[35]
the common feature of ternary samples grown at metal-rich
conditions is the preferential incorporation of that metal with
stronger bonding strength to the anion. For the three elements
involved, the bond dissociation energy Edis to oxygen is:
Edis,Al ¼ 5.22, Edis,Ga ¼ 3.90, and Edis,In ¼ 3.60 eV.[36] Several
studies addressed the influence of growth temperature TG
and oxygen pressure pO2 on growth rate and alloy composition
of PLD-grown ternary (InxGa1–x)2O3 and (AlxGa1–x)2O3 thin
films.[28,37–40] Furthermore, Wakabayashi et al. demonstrated
that the cation composition can be altered significantly if, for
given growth conditions, oxygen molecules or oxygen radicals
are offered.[38] For a growth temperature of about 800 C and
a growth pressure of 9.3 105 mbar thin films, deposited
using a (Al0.05Ga0.95)2O3 PLD target, had composition of
(Al0.86Ga0.14)2O3 and (Al0.06Ga0.94)2O3 for growth without and
with oxygen radicals, respectively. In Figure 14, EDX line scans
of CCS-PLD (InxGa1–x)2O3 thin films grown at various TG and
pO2 are compared. In red, samples grown at high TG¼ 680 C
on c-plane Al2O3 are compared. For pO2 ¼ 8 102 mbar, the
indium content x increases virtually linear along the gradient
direction, whereas a completely different relation is observed
for pO2 ¼ 3 104 mbar. For growth at high pO2 , the indium
content is (except for the very In-rich side) notably higher than
for growth at low pO2 . As discussed earlier, these differences are
due to the higher oxidation rate of indium, the cation exchange
of indium by gallium, and desorption of Ga2O and In during
growth.[33,34] CCS-PLD growth at low pO2 ¼ 3 104 mbar
and low growth temperature TG¼ 420 C leads to a much
higher indium incorporation compared with growth at
TG¼ 680 C. The spatial dependence of the indium content x
is similar to the sample grown at high TG and high pO2 . The
differences observed for x< 0.3 and x> 0.6 are connected to
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Figure 12. Experimental and calculated lateral variation of sample thick-
ness of a) (AlxGa1–x)2O3 and b) (InxGa1–x)2O3 thin films. The calculated
data is shown as function of the exponent n as labeled. Best matching
curves are indicated by bolder red-dashed lines. For the calculations,
we used for Ga2O3 transfer factor of γGa2O3 ¼ 1, for In2O3 of
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Figure 13. Experimental composition spread of (AlxGa1–x)2O3
and (InxGa1–x)2O3 thin films grown at low oxygen pressure of
pO2 ¼ 3 104 mbar clearly showing a nonstoichiometric cation transfer.
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3.3. VCCS-PLD of (Mg,Zn)O
3.3.1. Discrete Combinatorial Synthesis by VCCS-PLD
To introduce and benchmark our VCCS-PLD method, a set of
homogeneous (Mg,Zn)O thin films were realized by discrete
composition synthesis (DCS). For that, a radially segmented tar-
get, consisting of ZnO in the inner segment and Mg0.4Zn0.6O in
the outer segment, was used. The thin films were deposited on
a-plane sapphire with a ZnO:Al buffer layer[18] at TG¼ 670 C
and pO2 ¼ 0.02 mbar. In Figure 15, the composition of films
obtained for 2mm≤R≤ 8mm is compared with the composition
calculated with the analytic model according to Equation (7) and
the Monte-Carlo simulations. For R≥ 4mm, both models repro-
duce the experimental data well, whereas for smaller R deviations
are observed for the analytic model. If the size of the laser spot
is considered as in the MC-simulation, the entire data set is
matched by the calculations.
Low-temperature photoluminescence (PL) spectra of the DCS
sample set are shown in Figure 16a. The near-band edge exci-
tonic emission EPL systematically shifts toward higher energy
with increasing R and with increasing Mg-content x as
EPLðxÞ½eV ¼ 3.38þ 1.35x þ 2.4x2. Low-intensity PL features
in the gray shaded box are due to emissions from the ZnO:Al
buffer layer. For lower Mg-content, several phonon replica with
an energetic separation of about 70meV, corresponding to the
LO phonon energy in ZnO, are visible. For higher Mg-content,
the phonon replica vanish and the full width at half maximum
(FWHM) increases due to alloy broadening, which can be well
described by a cluster broadening model with an average number
of three to four Mg atoms per cluster being in line with results of
8 10-2 / 680
3 10-4 / 680
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Figure 14. Experimental lateral composition spread of (InxGa1–x)2O3 thin
films grown at pO2=TG as indicated. The values are given in (mbar) and
(C), respectively.
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Figure 15. Experimentally determined and modeled Mg-content of the
MgxZn1–xO thin films in dependence on the radial position R of the laser
spot on the target. The Mg-content was calculated from the PL-peak
energy of the excitonic emission determined by a deconvolution of the





Figure 16. a) Low-temperature PL spectra for a series of MgxZn1–xO thin
films grown with different radial positions R on ZnO:Al buffer layers. b)
Comparison of normalized low temperature PL spectra of MgxZn1–xO thin
films with similar composition (x  0.19) grown via conventional PLD
(black) and the novel technique (red) for R¼ 4mm. Line shape and
broadening of the emission are almost identical, corresponding to similar
optical properties of the two thin films.
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(Mg,Zn)O thin films grown by conventional PLD (c-PLD).[18] In
Figure 16b, we directly compare the near-band edge emission of
MgxZn1–xO thin films grown by conventional and VCCS-PLD,
respectively. The Mg-content is about x  0.19 in both cases.
The two spectra are nearly the same concerning peak position,
line shape, and broadening, suggesting that the homogeneity
of VCCS-PLD thin films grown with fixed R is similar to that
c-PLD films.
3.3.2. Compositional Material Gradient in Growth Direction by
VCCS-PLD
For the demonstration of thin films with compositional gradient
in growth direction, a radially segmented target consisting of ZnO
in the inner segment and Mg0.4Zn0.6O in the outer segment was
used. The thin films were deposited on a-plane sapphire with a
ZnO:Al buffer layer[18] at TG¼ 670 C and pO2 ¼ 0.02mbar. We
will compare samples that have an increasing and decreasing
Mg-content in growth direction, respectively. The radial position
of the laser spot on the segmented target was varied between
R¼ 2mm and R¼ 8mm with steps of ΔR¼ 1mm.
Furthermore, a sample with a more uniform gradient and increas-
ing Mg-content was realized with ΔR¼ 0.5mm for
1.5mm≤ R≤ 5mm. The individual layer thickness was about
20 nm for each sample. The respective sample design is shown
schematically in Figure 17. Furthermore, low-temperature PL
spectra exited by the 325 nm-line of a HeCd laser are shown.
For each sample, separated peaks that originate from the various
MgxZn1–xO layers are visible. For higher Mg-content (larger R-val-
ues) alloy broadening, as described earlier, causes overlap of
individual peaks. For the sample with decreasing Mg-content,
these higher energy peaks have weak intensity due to absorption
in the layers with lower Mg-content. Even for layers with
ΔR¼ 0.5mm, individual peaks are observed, indicating that inter-
mixing of neighboring layers is negligible for (Mg,Zn)O and the
growth parameters chosen. This is substantiated by the very
similar peak emission energy of peaks with same R (indicated
by the dashed lines in the Figure). This underlines the high repro-
ducibility of layer composition within the VCCS-PLD, rendering
this novel method highly suited for growth of, e.g., ternary hetero-
structures, graded index layers or Bragg mirrors, graded quantum
well structures, or strain accommodating within functional layers.
4. Conclusions
Two facile PLD approaches to combinatorial material synthesis
were reviewed. Both methods do not require movable shadow
masks nor a target exchange and, hence, closely resemble a con-
ventional PLD process; particularly the temperature distribution
and growth rates are not altered. The methods reviewed rely on
the ablation of laterally or radially segmented targets that enable a
lateral composition spread or a variation of composition in
growth direction. Furthermore, PLD with radially segmented tar-
gets facilitates discrete material synthesis. For both approaches,
simple models were presented that allow prediction of the ele-
mental and thickness distribution as long as thermodynamic pro-
cesses are negligible.
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Figure 17. Low-temperature PL-spectra for step-graded MgxZn1–xO thin
films. The radial position of the laser spot on the target has been changed
stepwise during growth according to the schematics next to the spectra.
Slightly higher energies for the reversed grading (green) are within the
error of the radial position of the PLD setup and can be due to a small
slip depending on whether a position is approached from higher or
lower R.
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4.2 Tin-assisted Stabilization of Orthorhombic κ-Ga2O3
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ABSTRACT
High-quality Ga2O3 thin films in the orthorhombic κ-phase are grown by pulsed-laser deposition using a tin containing target on
c-sapphire, MgO(111), SrTiO3(111), and yttria-stabilized ZrO2(111) substrates. The structural quality of the layers is studied based on
the growth parameters employing X-ray diffraction 2θ-ω scans, rocking curves, φ scans, and reciprocal space maps. Our layers
exhibit superior crystalline properties in comparison to thin films deposited in the monoclinic β-phase at nominally identical
growth parameters. Furthermore, the surface morphology is significantly improved and the root-mean-squared roughness of
the layers was as low as ≈0.5 nm, on par with homoepitaxial β-Ga2O3 thin films in the literature. The orthorhombic structure
of the thin films was evidenced, and the epitaxial relationships were determined for each kind of the substrate. A tin-enriched
surface layer on our thin films measured by depth-resolved photoelectron spectroscopy suggests surfactant-mediated epitaxy
as a possible growth mechanism. Thin films in the κ-phase are a promising alternative for β-Ga2O3 layers in electronic and
optoelectronic device applications.
© 2018 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5054378
The wide bandgap semiconductor Ga2O3 has interest-
ing material properties for potential applications such as
high power transistors and rectifiers, deep-UV and quantum
infrared photo detectors, and sensors. It was stabilized in at
least five polymorphs; the monoclinic beta gallia structure is
the thermodynamically stable structure under standard con-
ditions. β-Ga2O3 bulk single crystals can be grown by, e.g.,
the floating zone method, the Czochralski method, and edge-
defined film fed growth, and substrate materials for homoepi-
taxial growth are commercially available. This triggered
enormous research efforts in the last decade; promising
results on monoclinic gallium oxide can be reviewed in Refs.
1–4. Rhombohedral α-Ga2O3 is isostructural to rhombohe-
dral In2O3 and Al2O3 being beneficial for bandgap engineer-
ing. It was successfully fabricated by, e.g., mist chemical vapor
deposition (CVD),5 and high power devices using binary mate-
rial have been demonstrated.6 The orthorhombic polymorph
of Ga2O3 has recently attracted research interests due to
the predicted high value of its spontaneous polarization of
0.23 C/m2, being a factor of three higher than that of AlN.7–9
Heteroepitaxy of orthorhombic Ga2O3, mostly referred to
as ε-Ga2O3 in the literature, was reported for pulsed-laser
deposition10–13 (PLD), halide vapor phase epitaxy14,15 (HVPE),
metal-organic chemical vapor deposition16–20 (MOCVD),
metal-organic vapor phase epitaxy21 (MOVPE), atomic layer
deposition,17 molecular beam epitaxy,22 plasma-assisted
molecular beam epitaxy23 (PMBE), and mist CVD.24–28 Typi-
cally, α-Al2O3(00.1) is used as a substrate,10–12,17,18,20,22,29,30
but growth on 3C-SiC(001) and (111),17 6H-SiC(001),16
GGG(111),31 MgO(111) and YSZ(111),26 or GaN(0001), AlN(0001),
and β-Ga2O3(2̄01)14 was reported as well. For PLD and
MBE, a tin-assisted growth facilitates the stabilization of the
orthorhombic polymorph;10,11,22 however, room temperature
electrical conduction was not affected by the potential tin
donors. Furthermore, similarity of the structure of heteroepi-
taxial, orthorhombic Ga2O3 thin films to κ-Al2O3 was sug-
gested by Matsuzaki et al.12 for PLD layers and proven for
MOCVD layers by Cora et al.21 First reports on bandgap
APL Mater. 7, 022516 (2019); doi: 10.1063/1.5054378 7, 022516-1
© Author(s) 2018
APL Materials ARTICLE scitation.org/journal/apm
engineering have been published,25,27 and a first device in the
form of a photoconductive detector was demonstrated.30
In this report, we present a detailed analysis of the struc-
tural and morphological properties of orthorhombic Ga2O3
thin films grown heteroepitaxially by pulsed-laser deposition
on Al2O3(00.1), yttria-stabilized ZrO2(111) (YSZ(111)), SrTiO3(111)
(STO(111)), and MgO(111).
The Ga2O3 thin film samples were grown via pulsed-
laser deposition (PLD) either simultaneously on 5 × 5 mm2 c-
sapphire, MgO(111), YSZ(111), and STO(111) substrates (Crystec)
or on single 10 × 10 mm2 c-sapphire substrates. Simultane-
ous growth on four 5 × 5 mm2 substrates was on the same
position in the substrate holder as for single 10 × 10 mm2
substrates. A 248 nm KrF excimer laser (Coherent LPX Pro
305 F) was employed to ablate ceramic target pellets sin-
tered from ball-milled and homogenized powders of (i) pure
β-Ga2O3 (99.999%, Alfa Aesar), labeled target A from now on,
or (ii) β-Ga2O3 with additional 1 wt. % SnO2 (99.999%, Alfa
Aesar), labeled target B from now on, in air at 1350 ◦C for 72 h.
The first 300 laser pulses were applied at a frequency of 1 Hz
and provided a nucleation layer for the subsequent thin film
growth, while for the remaining pulses (15 000 or 50 000),
a repetition rate of 10 Hz was chosen. The laser fluence was
adjusted to ≈2 J/cm2. Both the oxygen partial pressure p(O2)
and the growth temperature Tg were varied for the differ-
ent samples investigated. The substrate holder was further
rotated during deposition to ensure homogeneous thin film
growth. For more details on the used PLD setup, see, for exam-
ple, Refs. 32 and 33. The STO(111) substrates were etched and
annealed in oxygen atmosphere prior to deposition. MgO(111)
substrates were annealed in oxygen atmosphere to reduce
surface degradation due to the formation of hydroxide during
storage. The crystalline structure of the samples was investi-
gated by means of 2θ-ω scans, rocking curve measurements,
φ scans, and reciprocal space maps (RSMs) employing a PAN-
alytical X’pert PRO MRD diffractometer with Cu Kα radiation
using a parabolic mirror and a PIXcel3D detector. The surface
morphology was evaluated using atomic force microscopy
(AFM), where a Park Systems XE-150 or NX10 was employed
in non-contact or tapping mode. The thickness of the sam-
ples (15 000 pulses) was in the range of ≈200–600 nm and was
determined by spectroscopic ellipsometry (RC2 dual rotating
compensator ellipsometer by J.A. Woollam). The thicknesses
and growth rates of the thin films on c-sapphire as a function
of oxygen pressure can be found in the supplementary mate-
rial. The optical properties of the samples were investigated
by transmission spectroscopy with a PerkinElmer Lambda 19
spectrometer. The tin content of the thin films was deter-
mined by energy dispersive X-ray spectroscopy (EDX) employ-
ing a Nova NanoLab 200 by FEI company. Depth-resolved XPS
measurements were performed to determine the Sn, Ga, and
O content of the samples as a function of distance from the
sample surface. A JEOL JPS-9030 system with a Mg Kα X-
ray source was used for excitation. Argon with a pressure of
3 × 10−4 mbar was used as a sputter gas for depth profiling,
with a low acceleration voltage and ion current (300 V and
3.5 mA, respectively) to avoid sputter damage. The resulting
sputter rate was ≈0.2 nm/s. For determination of atomic con-
centrations, sensitivity factors listed in the JEOL system were
used.
Figure 1(a) shows wide-angle X-ray diffraction (XRD) 2θ-ω
scans of a sample series of Ga2O3 thin films deposited on α-
Al2O3(00.1) substrates for various values of the oxygen partial
pressure using target B and Tg = 670 ◦C. A drastic difference
in the XRD patterns for p(O2) above and below 0.03 mbar can
be observed. Above this pressure, the thin films exhibit a typi-
cal diffraction pattern of monoclinic β-Ga2O3 thin films grown
by PLD on c-sapphire substrates; see, for example, Refs. 10–12
and 34–36. Apart from the α-Al2O3(00.6) and (00.12) substrate
reflections, rather broad peaks at approximately 18.8◦, 30.2◦,
38.2◦, 58.9◦, 59.9◦, and 110.13◦ can be indexed as reflections
corresponding to the (2̄01), (110), (4̄02), (6̄03), (113), and (1005)
lattice planes of the monoclinic β-phase of Ga2O3 (JCPDS card
no. 76-0573), respectively. The layers are mainly (2̄01)-oriented
which is typical for PLD grown thin films on c-sapphire sub-
strates.10–12,34–36 Below 0.03 mbar, only 5 reflections with
strongly increased intensity and slightly higher angular posi-
tions of 19.1◦, 38.8◦, 59.8◦, 83.3◦, and 112.4◦ are observed which
are marked with dashed gray vertical lines in Figs. 1(a)–1(c).
These reflections belong to the (002), (004), (006), (008), and
(0010) lattice planes of Ga2O3 in a different crystal modifica-
tion, the hexagonal ε-Ga2O3 (symmetry group P63mc37), or
the closely related orthorhombic κ-Ga2O3 (symmetry group
Pna2121,37,38), respectively. This phase is metastable and will
convert to the thermodynamically stable β-phase for tem-
peratures of ≥870 ◦C.19,39 As mentioned before, Cora et al.
showed by the evaluation of TEM measurements21 that this
crystal modification indeed has orthorhombic symmetry and
also other studies proved by X-ray diffraction measurements
that reflections occurring for the orthorhombic but not the
hexagonal polymorph can be measured and identified.22,25 We
therefore refer to this phase as κ-Ga2O3 and will also provide
unambiguous evidence for the growth in the orthorhombic
structure below.
These orthorhombic thin films are grown with an (001)-
out-of-plane orientation as previously reported for κ-Ga2O3
thin films on c-sapphire in the literature.10–12,17,18,20,22,29
Figure 1(b) shows the (002), (004), and (008) reflections of the
thin films in a magnified view, which makes the differences
between the κ- and β-modification apparent. The reflections
of the thin films in the κ-phase show much higher intensities,
higher angular positions, and are much narrower in compari-
son to those of the β-phase. This is most apparent for the (004)
peak whose intensity even exceeds that of the α-Al2O3(00.6)
substrate peak. Moreover, the (004) peak has a similar broad-
ening as the substrate reflection showing the high crystalline
quality of our layers. The (008) peak is strongly visible in con-
trast to the (8̄04) reflection of β-Ga2O3, which is missing for
the films in the β-modification due to very low intensities.
This is in agreement with intensity ratio calculations using
the VESTA program,40 where the unit cell by Cora et al.21
and by Åhman et al.41 was used for κ-Ga2O3 and for β-Ga2O3,
respectively.
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FIG. 1. (a) Wide-angle XRD 2θ-ω scans of a series of
Ga2O3 thin films deposited on α-Al2O3(00.1) substrates at
Tg = 670 ◦C and p(O2) as indicated. The peak marked
with an asterisk is a reflection due to the sample holder.
(b) Magnified view of the (002), (004), and (008) reflec-
tions of κ-Ga2O3. (c) XRD 2θ-ω scans around the (002),
(004), and (008) reflections of κ-Ga2O3 for two thin films
grown with target B (red solid line) compared to thin films
grown with target A (blue solid line). (d) c-lattice constant of
the thin films in the κ-phase in dependence on p(O2) and
for different substrate materials as indicated. Values were
determined from the positions of the (004), (006), (008), and
(0010) reflections as described in the text. Dashed lines are
the experimental c-lattice constants reported by Playford
et al.37 for the ε- and κ-phase or by Cora et al.21 for the
κ-phase.
The tin in the target is expected to facilitate the growth
in the κ-phase as was already reported for PLD-grown lay-
ers10–12 as well as MBE-grown thin films22 in the literature.
Consequently, Kracht et al.22 proposed a model for tin act-
ing as a catalyst for the growth of the κ-phase in MBE.
Indeed, nominally undoped reference samples grown in the
present study with nominally identical process parameters
as for the thin films in the κ-phase crystallized solely in
the monoclinic β-phase. The XRD 2θ-ω scans of two repre-
sentative samples for p(O2) = 0.016 mbar and 0.1 mbar are
shown in Fig. 1(c) in comparison to the thin films grown
from target B with identical process parameters. The peaks
for these samples are at the expected positions for a mainly
(2̄01)-oriented growth in the β-phase. Furthermore, they are
much less intense and much broader than those of the film
in the κ-phase. XRD patterns similar to the samples from
target A are obtained for the thin films from target B when
the critical pressure for κ-phase growth is exceeded as evi-
dent for layers deposited at p(O2) = 0.1 mbar. κ-Ga2O3 thin
films grown by PLD therefore have superior crystalline qual-
ity compared to β-Ga2O3 thin films deposited at similar pro-
cess parameters. As a remark, it should be mentioned that the
thicknesses of the thin films are similar for nominally identi-
cally process parameters and hence not a cause of different
peak intensities. Figure 1(d) shows the c-lattice constant of
the κ-Ga2O3 thin films in dependence on p(O2) and for the
different substrates used. The c-lattice constants were deter-
mined by a fitting of the film peaks in the XRD 2θ-ω scans
using pseudo Voigt functions. The resulting c-lattice constants
calculated from the position of the (004), (006), (008), and
(0010) reflections were then extrapolated to θ = 90◦ using the




tan(θ)−1 + cos(θ) tan(θ)−1
] )
42 to minimize
the goniometer error (see the supplementary material for
the demonstration of a fit). The resulting c-lattice constants
shown in Fig. 1(d) correspond well to those reported in the lit-
erature ranging from 9.24 Å to 9.41 Å.9,11,12,18,21,22,25,27,29,37,38
The lattice constants for the thin films decrease slightly with
increasing p(O2). For samples grown on c-sapphire, c lies clos-
est to the value of 9.2554 Å given by Playford et al.37 for the
ε-phase, while for the films on YSZ(111) and STO(111), c is rather
close to the value of 9.2833 Å reported by Cora et al.21 or
9.2759 Å reported by Playford et al.37 for the κ-phase. The
lattice constants for the films on MgO(111) show even higher
values. However, these films also exhibit an inferior crystalline
quality compared to those on the other substrates [see also
Figs. 3(a) and 6(c)].
The surface morphology of the thin films was studied
using atomic force microscopy (AFM). Figures 2(a)–2(d) depict
the surface morphology of orthorhombic (green κ) and mon-
oclinic (blue β) thin films deposited with identical growth
parameters (except for the tin content in the target). These
samples were deposited on c-sapphire substrates, and thin
films on the other substrates showed similar surface prop-
erties. Obviously, the growth in the κ-phase improved the
surface morphology considerably. While the thin films in the
β-phase typically exhibit rough surfaces with large and irregu-
larly shaped grains, films in the κ-phase show much smoother
surfaces consisting of small crystallites. Figure 2(e) shows the
root-mean-squared roughness Rq in dependence on p(O2) for
the thin films on the different substrates. The thin films in the
κ-phase [green ellipse in Fig. 2(e)] reveal low roughness val-
ues between 3 nm and even below 1 nm, while being in the
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FIG. 2. [(a)–(d)] AFM images of thin films grown at different
p(O2) as indicated and Tg = 670 ◦C. Films in (a) and (b)
were grown with target B in the κ-phase. Films in (c) and
(d) were grown with target A in the β-phase. The size of the
images is 5 × 2.5 µm2. (e) Root-mean-squared roughness
Rq of the thin films grown with the two different targets in
dependence on p(O2) and for the different substrates as
indicated.
thickness range of 250-600 nm. The roughness further
decreases with increasing p(O2). At the same time, the thick-
ness of the thin films increases with p(O2), which might also
be a reason for the decreased surface roughness. For p(O2)
≥ 0.03 mbar, the thin films begin to crystallize in the β-phase
for targets A and B and the roughness increases again [small
blue ellipse in Fig. 2(e)]. The largest roughness of up to 10 nm is
found for the monoclinic reference samples grown with target
A shown in gray in Fig. 2(e). These β-phase thin films exhibit
similar thicknesses and growth rates as the κ-phase thin films
for nominally identical process parameters; see also Fig. S1 in
the supplementary material. However, in contrast to the thin
films in the κ-phase, the roughness increases with increas-
ing p(O2) for the same pressure window. The κ-Ga2O3 thin
films also show a superior surface morphology compared to
the films in the β-phase. Furthermore, the surfaces of our thin
films are qualitatively sufficient for the growth of heterostruc-
tures, which can utilize electrical polarization differences at
the interface for polarization doping. Moreover, the lowest
roughness of 0.5 nm is in the same range as that of homoepi-
taxial β-Ga2O3 thin films already used for heterostructures
or device applications.1,43–45 Up until today, it is also the
lowest reported roughness value for κ-Ga2O3 in general (for
comparison, see Refs. 16, 17, 22, and 24).
To further quantify the crystalline quality of our samples,
we determined the broadening of the κ-Ga2O3(004) reflection
in 2θ by using the full width at half maximum (FWHM) from
the fitting of the peaks of the 2θ-ω scans for the estimation
of the c-lattice constants. Figure 3(a) shows the determined
FWHM values for the κ-Ga2O3(004) peaks for different sub-
strate materials in dependence on p(O2) (green background).
For comparison, the FWHM of the β-Ga2O3(4̄02) peak for thin
films grown in the β-phase are shown (blue background) as
well. The films on c-sapphire, YSZ(111), and STO(111) substrates
exhibit the lowest FWHM values of the κ-Ga2O3 thin films.
These are slightly decreasing with increasing pressure and
are almost as small as the FWHM of the Al2O3(00.6) substrate
reflection shown as the red dashed line (0.06◦ at 0.016 mbar
vs. 0.05◦ for the substrate reflection), which marks the res-
olution of the experimental setup. The thin films grown on
MgO(111) show higher FWHM, in general, which could be due
to an inferior substrate film interface. The surface quality of
MgO substrates is known to degrade in ambient atmosphere
due to the formation of hydroxides.46 The initial step ter-
race structure can be restored by annealing the substrates in
oxygen. Although the substrates were annealed in 800 mbar
oxygen atmosphere for 2 h at 800 ◦C, this may not have
been enough in temperature or annealing time to completely
restore the surface properties, since typically 900–1000 ◦C are
used for this annealing procedure.47 This, in turn, could dis-
turb the crystal growth and can cause a lower crystallinity of
the thin film layer. Nevertheless, even the samples with the
highest FWHM still show lower values than all films grown
in the β-phase. These are generally higher than 0.225◦, inde-
pendent of process parameters. Also apparent is a sudden
FIG. 3. (a) FWHM of the (004) reflection in the XRD 2θ-ω scans shown in Fig. 1 for
thin films grown in the κ-phase (green background) on different substrates as indi-
cated in dependence on p(O2). For comparison, the broadening of the (4̄02) peak
for thin films grown in the β-phase is shown (blue background). The broadening of
the film reflections for the κ-phase decreases with increasing p(O2) almost to the
value of the c-sapphire substrates indicated as a red dashed line. (b) XRD rocking
curve of the κ-Ga2O3(004) reflection of one thin film grown at p(O2) = 0.016 mbar
and Tg = 670 ◦C. (c) FWHM of the rocking curves for the κ-Ga2O3 thin films on
c-sapphire in dependence on p(O2).
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increase in FWHM by an order of magnitude for the sam-
ples grown with target B when the critical pressure for κ-
phase growth is exceeded. This further confirms the superior
crystalline quality of the films in the κ-phase. Moreover, the
FWHM values reported in the present study are lower than for
any other report on high-quality κ-Ga2O3 thin films grown by
methods such as MOCVD16 or PLD.13 κ-Ga2O3 thin films are
therefore highly promising for demanding device applications
such as field-effect transistors, power devices, quantum well
photodetectors, or laser LEDs.
For the quantification of the out-of-plane mosaicity of
the thin films, XRD rocking curve measurements were per-
formed around the κ-Ga2O3(004) reflection on the thin film
samples grown on c-sapphire. A typical rocking curve is shown
in Fig. 3(b) for a thin film grown at p(O2) = 0.016 mbar and
Tg = 670 ◦C. The determined FWHM value of the rocking
curve is approximately 0.59◦ and is similar to other reports on
κ-Ga2O3 thin films grown by PLD,11,12 MOCVD,16 mist
CVD,24,25 or HVPE.14 Figure 3(c) shows the FWHM of the
κ-Ga2O3(004) reflection of all measured rocking curves in
dependence on p(O2) during film growth. For all pressures,
the FWHM is in the range of 0.55◦-0.61◦ indicating low out-
of-plane mosaicity and high crystallinity for all κ-Ga2O3 thin
films. To the best of our knowledge, there are only two
reports for thin films on c-sapphire, where a lower FWHM
of 0.29◦ or 0.42◦ was measured for MBE22 or MOCVD,48
respectively, and two reports with a significantly lower FWHM
in the (004) rocking curve of 0.21◦ for a film grown by
HVPE on β-Ga2O3(2̄01) single crystals14 and of 0.24◦ for a
PMBE grown thin film on a β-Ga2O3(2̄01) buffer layer,23 for
which the lattice mismatch to κ-Ga2O3 is lower than that for
c-sapphire.
The influence of the growth temperature Tg was studied
for c-sapphire substrates at p(O2) = 0.006 mbar but varying
substrate temperatures between 670 ◦C and 410 ◦C. Figure 4(a)
shows the wide-angle XRD 2θ-ω scans for these thin films.
The films are phase pure and (001)-oriented in the κ-phase
for Tg ≥ 550 ◦C. At 500 ◦C, additionally a (2̄01)-oriented
β-phase is observable and the thin film grown at 470 ◦C shows
crystallization mainly in (2̄01)-oriented β-phase. For lower Tg,
the thin films are X-ray amorphous. Orita et al.10 observed
the same phase transition in their PLD setup at a tempera-
ture of ≈435 ◦C. This behavior could be due to the fact that the
suboxide desorption is temperature-dependent and decreases
with decreasing Tg as shown for MBE-growth of Ga2O3.49 This
corresponds to growth at higher oxygen pressure. At lower
temperature, the suboxide formation therefore may not
be sufficient for the tin to facilitate the κ-phase growth.
Figure 4(b) shows the calculated c-lattice constants for the
thin films in dependence on Tg. It increases only slightly with
decreasing temperature for the phase pure thin films and is
in agreement with the ones of the pressure series shown in
Fig. 1(d). The thin film exhibiting the mixed phase shows a
higher lattice constant, which could be due to an influence
of the additional β-phase on the crystallinity. A correspond-
ing behavior is also observed for the Tg-dependent FWHM
of the κ-Ga2O3(004) reflection shown in Fig. 4(c). The FWHM
FIG. 4. (a) XRD 2θ-ω scans around the κ-Ga2O3(002), (004), and (008) reflec-
tions of a series of Ga2O3 thin films deposited on α-Al2O3(00.1) substrates using
target B at p(O2) = 0.016 mbar and Tg as indicated. (b) c-lattice constant of the
thin films shown in (a) in dependence on Tg. (c) FWHM of the κ-Ga2O3(004) and
the β-Ga2O3(4̄02) reflections from the 2θ-ω scans shown in (a).
only slightly increases until the mixed phase appears at 500 ◦C
for which it doubles in value. The FWHM of the β-Ga2O3(4̄02)
reflection of the phase pure β-Ga2O3 thin film is again approx-
imately 5 times higher than the lowest FWHM of the (004)
reflection of the κ-phase. Therefore, higher growth temper-
atures seem to be beneficial for the crystalline quality of the
κ-Ga2O3 layers.
For further evaluation of the crystalline structure and
lattice constants, we have grown a sample with a larger
thickness of 2 µm for further XRD RSMs, as well as rock-
ing curves and 2θ-ω scans of asymmetrical reflections. The
sample was deposited with optimized growth parameters at
p(O2) = 0.016 mbar and Tg = 670 ◦C. A wide-angle 2θ-ω scan
confirmed (001)-oriented growth in the κ-phase with simi-
lar c-lattice constant as for the thinner films. Figure 5 shows
the RSMs around (a) the symmetrical α-Al2O3(00.6) substrate
and (004) film reflection, (b) the symmetrical α-Al2O3(00.12)
substrate and (008) film reflection, and (c) the asymmetrical
α-Al2O3(11.12) substrate and (138) as well as (139) film reflec-
tion. The α-Al2O3(11.9) and the (206), (347) and (015) film reflec-
tions were measured as well (not shown). The symmetric
reflections are perfectly aligned with the corresponding sub-
strate peaks in the q‖-direction indicating a negligible tilt of
the c-axis of the thin film with respect to the substrate c-axis.
The Kα1 /Kα2 splitting observed for the film reflections and the
low broadening in the q⊥-direction indicate a high film quality.
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FIG. 5. XRD reciprocal space maps for
a ≈2 µm thick κ-Ga2O3 thin film grown
at p(O2) = 0.016 mbar and Tg = 670 ◦C
on c-sapphire around the (a) symmet-
ric α-Al2O3(00.6) reflection, (b) symmetric
α-Al2O3(00.12) reflection, and (c) asym-
metric α-Al2O3(11.12) reflection. Corre-
spondingly, the (a) κ-Ga2O3(004), (b)
κ-Ga2O3(008), and (c) κ-Ga2O3(138) as
well as the κ-Ga2O3(139) reflections can
be indexed. Kα1 /Kα2 separation is clearly
visible for all peaks indicating a high crys-
talline quality. The κ-Ga2O3(138) and the
κ-Ga2O3(139) reflections show the same
value for q‖ but not the same as the
α-Al2O3(11.12) reflection indicating com-
pletely relaxed but epitaxial growth.
The higher broadening in the q‖-direction reflects the slightly
increased mosaicity observed in the rocking curves. Similarly,
also the (138) and (139) reflections show a low broadening with
Kα1 /Kα2 splitting in the q⊥-direction corroborating the high
crystalline quality. However, here a slightly increased broad-
ening in the q‖-direction can also be observed which indicates
lower elongation of regions with coherent scattering in the
lateral direction, e.g., lower lateral grain sizes. Nevertheless,
the presence of the (138) and (139) reflections at the correct
positions with respect to the substrate reflection and the sim-
ilar q‖ values confirm the epitaxial growth of the thin film.
Furthermore, the q‖ and q⊥ values for these reflections are
not matching with the corresponding substrate peak position.
Therefore, pseudomorphic growth can be excluded and the
thin film can be considered completely relaxed. This is also
expected for a thin film with a thickness of 2 µm. Rocking
curve measurements of the (004) and (131) reflections revealed
FWHM values of 0.57◦ and 1.19◦, respectively. The FWHM of
the symmetric reflection is similar to the one of the thinner
films, while the FWHM of the skew symmetric reflection indi-
cates an increased twist mosaicity. Nevertheless, it is similar
to other thin films grown by PLD12 or HVPE on GaN and AlN
growth templates.14 As for the symmetric rocking curves, sig-
nificantly lower values for asymmetric reflections were only
reported for HVPE on β-Ga2O3(2̄01) single crystals14 (0.84◦)
and MBE growth on β-Ga2O3(2̄01) buffer layers23 (0.96◦). In-
plane lattice constants were evaluated by the peak positions of
additional 2θ-ω scans of the (327) and (347) reflections as well
as with the RSMs of the (347), (015) and (139) reflection. The
results are summarized in Table I in comparison to selected
literature values. Within the experimental error, both meth-
ods yield the same lattice constant. Our values for the c-lattice
constant are slightly lower than those reported by Cora et al.,
while the ones for the a-lattice constant are slightly higher.
All values are however lower than the ones calculated by
Yoshioka et al.38
To confirm that the κ-Ga2O3 thin films grew epitax-
ially on the used substrates [c-sapphire, YSZ(111), STO(111),
and MgO(111)] and to determine the in-plane epitaxial rela-
tionships, XRD φ scans were performed on samples grown
at optimized process parameters [p(O2) = 0.016 mbar and
Tg = 670 ◦C]. The samples show all (001)-oriented growth in
the κ-phase as confirmed by XRD 2θ-ω scans around the (004)
reflections shown in Fig. 6(c).
The XRD φ scans were measured for several asymmetric
κ-Ga2O3 reflections to further distinguish the different possi-
ble structures (hexagonal or orthorhombic). Figures 6(a) and
6(b) show these φ scans for the (131), (122), (206), and (212)
reflections of κ-Ga2O3 for thin films on (a) c-sapphire and
(b) YSZ (111), which are representative for all cubic substrates.
Skew symmetric substrate reflections measured are the (10.2)
reflection for c-sapphire and the (200) reflection for YSZ(111).
The positions of these reflections in 2θ and χ are summarized
in Table II.
The (131) and (206) reflections in the XRD φ scans shown
in Figs. 6(a) and 6(b) reveal for all samples a six-fold symmetry
TABLE I. Calculated lattice constants for the 2 µm thin film on c-sapphire for different
measurements. 2θ-ω denotes that the lattice constants were calculated from the
positions of the (004), (006), (008), (0010), (327) and (347) reflection in 2θ-ω scans.
Calculation of the c-lattice constant from the first symmetric reflexes via extrapolation
to θ = 90◦ as explained in the text. RSM denotes that the position of the (347), (015)
and (139) reflection in the corresponding reciprocal space maps was used. Further
values by Cora et al.21 (experimental, c-sapphire substrate) and Yoshioka et al.38
(theoretical) were included for comparison.
Lattice
constant 2θ-ω (Å) RSM (Å) Cora et al. (Å) Yoshioka et al. (Å)
a 5.066 5.053 5.0463 5.120
b 8.700 8.701 8.7020 8.792
c 9.261 9.265 9.2833 9.410
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FIG. 6. [(a) and (b)] Typical XRD φ scans of the asym-
metric κ-Ga2O3(131), (122), (206), and (212) reflections as
well as the asymmetric (a) α-Al2O3(10.2) and (b) YSZ(200)
substrate reflections for κ-Ga2O3 thin films grown at the
parameters as indicated in the graphics. The φ scans for
all investigated cubic substrates show similar characteris-
tics and epitaxial relationships as the one in (b). (c) XRD
2θ-ω scans around the κ-Ga2O3(004) reflection for thin
films deposited on the investigated substrates. All films
crystallized phase pure and (001)-oriented in the κ-phase.
(d) In-plane epitaxial relationships and possible positions
of the three rotational domains depicted with the in-plane
projection of the κ-Ga2O3 unit cell on the interface of (111)-
oriented cubic substrates. c denotes the crystallographic
directions of the cubic substrate material.
with a separation of 60◦. If the κ-phase has an orthorhombic
structure, this implies a growth in 3 rotational domains rotated
by an angle of 120◦ with respect to each other. However, these
reflections also occur in the hexagonal structure, where they
are differently indexed, but are expected to be at the same
angular positions. Several reports11,12,15,18,21,22,27,48 already
reported heteroepitaxial growth of κ-Ga2O3 on c-sapphire
substrates, both with an interpretation in the hexagonal as
well as the orthorhombic structure. In most reports on the
epitaxial growth of hexagonal or orthorhombic Ga2O3, these
six-fold lattice planes are measured in φ scans and pole fig-
ures.11,14,16,24,27 To confirm the orthorhombic structure, addi-
tional measurements of reflections, which are only expected
in the orthorhombic system, are required. We, therefore, per-
formed measurements of the (122) and (212) reflections, which
occur 12-fold corresponding to two mirror planes in each
rotational domain which are not overlapping in direction with
the ones of other domains. In a similar way, the orthorhombic
TABLE II. Angular positions for the measured asymmetrical reflections. Positions for
the κ-Ga2O3 reflections were obtained from VESTA calculations based on the unit
cell reported by Cora et al.21









structure was also confirmed by Kracht et al.22 and Tahara
et al.25 However, in the work of Kracht et al., the (131)
reflection was incorrectly indexed as (211) reflection. We
indeed obtain 12 peaks for the (122) and (212) lattice planes in
Figs. 6(a) and 6(b), confirming the orthorhombic structure of
the crystal lattice. From the position of the substrate reflec-
tions with respect to those of the thin films, we could deter-
mine the in-plane and out-of-plane epitaxial relationships
for c-sapphire as α-Al2O3 〈1̄0.0〉 ‖ 〈010〉 κ-Ga2O3, α − Al2O3
〈1̄2.0〉 ‖ 〈100〉 κ-Ga2O3, and α-Al2O3 [00.1]‖[001] κ-Ga2O3.
These relations are the same as those reported for κ-Ga2O3
thin films grown by PLD,12 mist CVD,27 or MBE.22 In the
same way, the in-plane and out-of-plane relationships for
all investigated cubic substrates can be determined as cubic
〈2̄11〉 ‖ 〈100〉 κ-Ga2O3, cubic 〈01̄1〉 ‖ 〈010〉 κ-Ga2O3, and cubic
[111]‖[001] κ-Ga2O3. These relationships and the possible ori-
entation of the three rotational domains of the orthorhom-
bic unit cell on (111)-oriented cubic substrates are depicted
in Fig. 6(d). The given relations hold for all investigated cubic
substrates (YSZ(111), STO(111), MgO(111)) since the positions of
the film reflections in the XRD φ scans with respect to the
(200) substrate reflections were the same for all these mate-
rials. XRD φ scans for the other substrates not shown in
Fig. 6 can be found in the supplementary material. The a-
lattice constant for the orthorhombic Ga2O3 system matches
reasonably well with the lattice constant of the cubic sub-
strates in 〈2̄11〉-direction. Correspondingly, the b-lattice con-
stant matches quite well with 3/2 times the lattice constant
of the cubic substrate in 〈01̄1〉-direction. With this configura-
tion, the lattice mismatches in the a- and b-direction are min-
imized. The corresponding mismatches are given in Table III
for the substrates used in the present study. The lowest
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TABLE III. Calculated lattice mismatch (xfilm − xsub)/xsub for the a- and
b-direction of the orthorhombic κ-phase on the investigated substrates. Epitaxial
growth in three rotational domains separated by 120◦ with in-plane epitaxial rela-
tions for the cubic substrates as depicted in Fig. 6(d) and for c-sapphire substrates
as given in Ref. 22 was considered. xfilm and xsub denote the lattice constants of the
thin film and substrate in the corresponding directions. In the b-direction of κ-Ga2O3,
1.5 times the lattice constant of the cubic substrate in the 〈01̄1〉-direction was used.
Calculations based on the unit cell reported by Cora et al.21





mismatch is given for the MgO(111) substrates, which, in con-
trast to this, showed the lowest crystalline quality of the
corresponding thin films. However, the formation of hydrox-
ides as already discussed is still an issue here. The epitax-
ial growth on YSZ(111) and MgO(111) was already reported
for κ-Ga2O3 thin films grown by mist CVD by Nishinaka
et al.,26 although the epitaxial relations were given there for
the hexagonal system.
The optical properties of κ-Ga2O3 thin films were investi-
gated by means of RT transmission measurements depicted in
Fig. 7(a) for samples deposited at 670 ◦C as a function of p(O2).
Independent of the growth pressure, sub-bandgap absorp-
tion was not observed. The data were evaluated (assuming
that κ-Ga2O3 is a direct bandgap semiconductor) by plotting
the square of the absorption coefficient α versus the energy
of the incident photons shown in the inset of Fig. 7(a). The
steepest absorption onset was observed for the layer grown at
0.016 mbar that also has superior structural properties. The
optical bandgap can be estimated to about 4.91 eV for this
layer. Films grown at lower pressure exhibit somewhat higher
absorption edges of about 4.95 eV and 5.04 eV for growth
at 2 × 10−3 and 3 × 10−4 mbar, respectively. These values
correspond well to literature data.11,14,20,25,26
The orthorhombic thin films discussed above are elec-
trically insulating independent of the choice of substrate and
growth conditions. Orita et al. described already that tin does
not generate free electrons in orthorhombic Ga2O3:Sn PLD
thin films and concluded that either the transition level of tin
donors is too deep to release electrons at room temperature
or Sn4+ donors are compensated by Sn2+ acceptor states.10
Nevertheless, they concluded that the presence of tin is indis-
pensable for obtaining orthorhombic Ga2O3 layers by PLD.
Concerning MBE, Kracht et al. confirmed that the presence of
tin induces the formation of κ-Ga2O3.22 They demonstrated
further that a thin monoclinic interlayer with reduced tin con-
tent is formed on the substrate and that the thickness of this
layer depends on the Ga/Sn flux ratio. Within the orthorhom-
bic phase, the amount of incorporated tin is higher than in the
interlayer and it scales with the amount of Sn offered. For our
PLD thin films, we observe that the tin content in the sam-
ples with monoclinic structure corresponds to the tin content
in the target; however, an increase from about 0.6 at. % to
about 0.8 at. % is observed as p(O2) is increased from 0.03
to 0.1 mbar as depicted in Fig. 8(a). For orthorhombic layers,
the tin content is in the order of the detection limit of the
device and with that considerably lower than the tin content
in the PLD target. This is indicated by error bars for κ-Ga2O3
being much larger than for β-Ga2O3. Furthermore, charging
effects occur since tin is not electrically active in κ-Ga2O3.10
We analyzed the tin concentration near the surface by ex situ
depth-resolved XPS measurements shown in Fig. 8(b). Detailed
Sn 3d, O 1s, and Ga 3d core level spectra for different sput-
tering times can be found in the supplementary material. The
data reveal a decrease in the Ga content towards the surface
on the one hand and an increase in oxygen and tin content on
the other hand. The tin content in the bulk part of the layer
is similar to the values of Fig. 8(a). The considerably higher tin
content at the surface is evidence of the tin-assisted growth
mechanism and indicates that tin acts as a surfactant during
deposition of κ-Ga2O3. This is supported by (i) the consider-
ably lower surface roughness and (ii) higher crystallinity and
with that improved layer quality of our κ-Ga2O3 compared to
our β-Ga2O3 films. Surfactant-mediated epitaxy (SME) with
tin was observed for Si on Si(111).50 Concerning gallium oxide,
SME was reported for MOCVD growth of β-(In,Ga)2O3 on
Ga2O3(100) where indium acts as a surfactant.51 For MBE
heteroepitaxy of (In,Ga)2O3 on Al2O3(00.1), a metal-exchange
catalysis was reported to extend the growth window to
regimes not accessible without offering In23 and allowed to
FIG. 7. (a) Typical optical transmission spectra of Ga2O3
thin films grown on sapphire with target B for different p(O2)
[β-phase for p(O2) = 0.1 mbar, κ-phase for the other p(O2)].
The thin films are optically transparent in the visible up to the
UV-regime until an energy of ≈4.5 eV. The inset shows the
calculated absorption spectrum expressed as (αd)2 as a
function of photon energy. d denotes the thickness of the
film. Linear fits to the data are shown as a straight line
for the estimation of the bandgap Eg. (b) Estimated optical
bandgaps Eg of the thin films on c-sapphire and MgO(111)
substrates as a function of p(O2).
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FIG. 8. (a) Tin content as estimated by EDX measurements
for thin films grown on c-sapphire substrates as a function
of p(O2) for Tg = 670 ◦C. (b) Ga, O, and Sn content as a
function of distance from the thin film surface taken from
depth-resolved XPS measurements of a sample grown at
p(O2) = 0.016 mbar and Tg = 670 ◦C. A tin enrichment
at the sample surface is observed while the tin content is
diminished in the bulk of the layer.
stabilize ε-Ga2O3 on a β-Ga2O3 buffer layer on Al2O3(00.1).
This metal-exchange catalysis involves the reduction of In2O3
according to 2Ga(ads) + In2O3(sol)→ Ga2O3(sol) + 2In(ads),
where sol (ads) means solid phase (adsorbate). Metal-
exchange by reduction of SnO2 according to 2Ga(ads) +
3SnO2(sol) → 2Ga2O3(sol) + 3Sn(ads) seems unlikely due
to the higher dissociation energy of Sn–O compared to
Ga–O bonds.52 Concerning PLD growth of κ-Ga2O3, addi-
tional experiments and theoretical studies are required to
clearly identify the influence and kinetics of tin during
heteroepitaxy.
In summary, we have grown high-quality Ga2O3 thin films
in the orthorhombic κ-phase by means of pulsed-laser depo-
sition. A detailed analysis of the structural and morphologi-
cal properties in dependence of the growth conditions was
performed. The thin films exhibit superior crystalline quality
in comparison to β-Ga2O3 thin films deposited at nominally
identical growth parameters as well as other κ-Ga2O3 thin
films reported in the literature. Furthermore, the broaden-
ing of X-ray reflections and therefore the crystalline qual-
ity of our thin films, as revealed by reciprocal space maps,
is less than previously reported for κ-Ga2O3.12,25,27 The sur-
face roughness of our layers, which can be adjusted by opti-
mal growth parameters as low as 0.5 nm, is on par with
high-quality homoepitaxial β-Ga2O3 thin films and represents
the lowest value for κ-Ga2O3 at present. We were further
able to unambiguously confirm the growth in the orthorhom-
bic crystal system as well as the epitaxy of our layers on
c-sapphire, YSZ(111), STO(111), and MgO(111) substrates. Opti-
cal transmission measurements confirmed the transparency
of our layers up to the deep UV-regime with bandgaps of
around 4.9 eV consistent with the literature. Additionally,
we revealed the presence of a tin-enriched surface layer
on our κ-Ga2O3 thin films and propose surfactant-mediated
epitaxy as a possible tin-assisted growth mechanism in the
deposition of κ-Ga2O3 via PLD. However, for a further clari-
fication of the growth mechanism, additional studies are nec-
essary. Our findings corroborate the promising properties of
κ-Ga2O3 as a thin film layer for high-performance wide-
bandgap electronic and optoelectronic devices. The challenge
of efficient doping of this metastable phase however remains
an issue.
See supplementary material for the thickness and growth
rate of the Ga2O3 thin films as a function of p(O2), XRD
2θ-ω scans of asymmetric reflections and rocking curves
of symmetric and asymmetric reflections of the ≈2 µm thick
κ-Ga2O3 sample, an exemplary linear extrapolation of
the (001)-lattice plane distances calculated from several
κ-Ga2O3(00N) reflections, XRD φ scans of κ-Ga2O3 thin films
deposited on STO(111) and MgO(111) substrates, and depth-
resolved XPS measurements of a κ-Ga2O3 sample.
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22M. Kracht, A. Karg, J. Schörmann, M. Weinhold, D. Zink, F. Michel,
M. Rohnke, M. Schowalter, B. Gerken, A. Rosenauer, P. J. Klar, J. Janek,
and M. Eickhoff, “Tin-Assisted synthesis of ε–Ga2O3 by molecular beam
epitaxy,” Phys. Rev. Appl. 8, 054002 (2017).
23P. Vogt, O. Brandt, H. Riechert, J. Lähnemann, and O. Bierwagen, “Metal-
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Röntgenbeugung (Vieweg + Teubner, Wiesbaden, 2009).
43S. Krishnamoorthy, Z. Xia, C. Joishi, Y. Zhang, J. McGlone, J. Johnson,
M. Brenner, A. R. Arehart, J. Hwang, S. Lodha, and S. Rajan, “Modulation-
doped β-(Al0.2Ga0.8)2O3/Ga2O3 field-effect transistor,” Appl. Phys. Lett. 111,
023502 (2017).
44S.-D. Lee, K. Kaneko, and S. Fujita, “Homoepitaxial growth of beta gallium
oxide films by mist chemical vapor deposition,” Jpn. J. Appl. Phys., Part 2 55,
1202B8 (2016).
45S. W. Kaun, F. Wu, and J. S. Speck, “β-(AlxGa1−x)2O3/Ga2O3(010)
heterostructures grown on β–Ga2O3(010) substrates by plasma-assisted
APL Mater. 7, 022516 (2019); doi: 10.1063/1.5054378 7, 022516-10
© Author(s) 2018
APL Materials ARTICLE scitation.org/journal/apm
molecular beam epitaxy,” J. Vac. Sci. Technol., A 33, 041508
(2015).
46J. Du, S. Gnanarajan, and A. Bendavid, “Characterization of MgO sub-
strates for growth of epitaxial YBCO thin films,” Supercond. Sci. Technol.
18, 1035–1041 (2005).
47M. Bonholzer, M. Lorenz, and M. Grundmann, “Layer-by-layer growth of
TiN by pulsed laser deposition on in situ annealed (100) MgO substrates,”
Phys. Status Solidi A 211, 2621–2624 (2014).
48H. Sun, K.-H. Li, C. G. T. Castanedo, S. Okur, G. S. Tompa, T. Salagaj,
S. Lopatin, A. Genovese, and X. Li, “HCl flow-induced phase change of α-,
β-, and ε-Ga2O3 films grown by MOCVD,” Cryst. Growth Des. 18, 2370–2376
(2018).
49P. Vogt and O. Bierwagen, “Reaction kinetics and growth win-
dow for plasma-assisted molecular beam epitaxy of Ga2O3: Incor-
poration of Ga vs. Ga2O desorption,” Appl. Phys. Lett. 108, 072101
(2016).
50S.-I. Iwanari and K. Takayanagi, “Surfactant epitaxy of Si on Si(111) medi-
ated by Sn,” Jpn. J. Appl. Phys., Part 2 30, L1978–L1981 (1991).
51M. Baldini, M. Albrecht, D. Gogova, R. Schewski, and G. Wagner, “Effect
of indium as a surfactant in (Ga1−xInx)2O3 epitaxial growth on β–Ga2O3 by
metal organic vapour phase epitaxy,” Semicond. Sci. Technol. 30, 024013
(2015).
52Y.-R. Luo, “Bond dissociation energies,” in CRCHandbook of Chemistry and
Physics (CRC Press/Taylor and Francis, Boca Raton, 2009).
APL Mater. 7, 022516 (2019); doi: 10.1063/1.5054378 7, 022516-11
© Author(s) 2018
Tin-Assisted Heteroepitaxial PLD-Growth of κ-Ga2O3 Thin Films with High
Crystalline Quality
M. Kneiß,1, a) A. Hassa,1 D. Splith,1 C. Sturm,1 H. von Wenckstern,1 T. Schultz,2 N.
Koch,2 M. Lorenz,1 and M. Grundmann1
1)Felix-Bloch-Institute for Solid State Physics, Universität Leipzig, Linnéstraße 5,
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FIG. S1. (a) thickness and (b) growth rate of κ-Ga2O3 thin films on c-sapphire grown at Tg = 670◦C as function of p(O2).
The maximum in the growth rate at intermediate p(O2) is typical for PLD grown Ga2O3 thin films34. For low oxygen pressures,
the formation of volatile GaO suboxides and resputtering effects due to high energetic particles can diminish the growth rate,
while for higher oxygen partial pressures increased scattering of ablated species at the molecules of the background gas can




FIG. S2. (a) and (b) XRD 2θ-ω scans of the asymmetric (131) and (206) reflections of a ≈ 2µm thick κ-Ga2O3 layer deposited
at growth parameters as indicated. (c) and (d) rocking curves of the symmetric (004) and asymmetric (131) reflection of the
same sample.
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FIG. S3. An example for the estimation of the c-lattice constant of the thin films via linear extrapolation of the (001)-lattice
plane distances of the κ-Ga2O3(00N) reflections as a function of 0.5
[




FIG. S4. XRD φ scans of asymmetrical κ-Ga2O3 reflections as indicated for thin films on (a) STO(111) and (b) MgO(111)
deposited at growth parameters as indicated. The (206) and (017) reflections are shifted by 90◦ since the goniometer stage was




FIG. S5. (a) Ga 3d, (b) O 1s and (c) Sn 3d core levels for different sputtering times as indicated. The Sn signal is diminished
for longer sputtering times, e.g. in the bulk of the sample. Gray dashed lines are guides to the eye. The energetic shift of the
peaks is similar for all elemental species indicating the same origin. This can be due to charging effects at the surface of the
insulating samples or due to depth-dependent band bending.
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ABSTRACT
High-quality (InxGa1−x)2O3 thin films in the orthorhombic κ-phase were grown by pulsed-laser deposition (PLD) on c-sapphire substrates
as well as PLD-grown κ-Ga2O3 thin film templates. We varied the In-content 0 ≤ x ≤ 0.38 of the layers using a single, elliptically segmented,
and tin-doped (In0.4Ga0.6)2O3/Ga2O3 target, employing the vertical continuous composition spread (VCCS) PLD-technique. A stoichiometric
transfer of In and Ga from the target to the thin films has been confirmed, suggesting that the formation of volatile Ga2O and In2O suboxides is
not a limiting factor in the tin-assisted growth mode. For all x, the thin films crystallized predominantly in the κ-modification as demonstrated
by XRD 2θ-ω scans. However, for x > 0.28, phase separation of the cubic bixbyite and the κ-phase occurred. The κ-Ga2O3 template increased
the crystalline quality of the κ-(InxGa1−x)2O3 thin film layers remarkably. Epitaxial, but relaxed growth with three in-plane rotational domains
has been found for all thin films by XRD ϕ-scans or reciprocal space map measurements. Smooth surface morphologies (Rq < 3 nm) for all
phase pure thin films were evidenced by atomic force microscopy measurements, making them suitable for multilayer heterostructures. The
composition-dependent in- and out-of plane lattice constants follow a linear behavior according to Vegard’s law. A linear relationship can
also be confirmed for the optical bandgaps that demonstrate the feasibility of bandgap engineering in the energy range of 4.1–4.9 eV. The
results suggest κ-(InxGa1−x)2O3 as a promising material for heterostructure device applications or photodetectors.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5120578., s
I. INTRODUCTION
Ga2O3 as a wide bandgap semiconductor exhibits outstand-
ing properties for potential device applications such as high-power
transistors and rectifiers, quantum-well infrared and deep-UV pho-
todetectors, and other kinds of sensors. Apart from the monoclinic
β-gallia structure, the thermodynamic stable phase under standard
conditions, several different polymorphs can be stabilized. Espe-
cially the possible application in high-power devices due to the large
electric breakdown field (about 8 MV/cm for β-Ga2O3) stimulated
tremendous research efforts in the last few years, in particular con-
sidering the fact that commercial single crystal wafers for homoepi-
taxial growth are available. Several reviews were already published
dealing with the overwhelming amount of articles on monoclinic
gallium oxide.1–4 Among the metastable phases of gallium oxide, the
orthorhombic κ-modification, also referred to as ε-Ga2O3, gained
remarkable interest in the scientific community. This is mostly
due to its large predicted spontaneous electrical polarization of
23 μC/cm2, which is three times higher than for AlN and even ten
times higher than for GaN.5–8
Until now, the heteroepitaxial stabilization of this phase was
realized by several different growth methods including pulsed-
laser deposition9–14 (PLD), halide vapor phase epitaxy15,16 (HVPE),
metal-organic chemical vapor deposition17–22 (MOCVD), metal-
organic vapor phase epitaxy23–26 (MOVPE), atomic layer deposi-
tion,18 molecular beam epitaxy,27 plasma-assisted molecular beam
APL Mater. 7, 101102 (2019); doi: 10.1063/1.5120578 7, 101102-1
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epitaxy28 (PMBE), and mist CVD.29–34 Recently, electrically con-
ducting thin films were reported,24 which presents a key break-
through and a prerequisite for fabrication of functional devices.
The layers, grown by MOVPE, were doped in situ (ex situ, indif-
fusion of Sn) by silicon (tin). However, in PLD- and MBE-grown
thin films, tin does not act as an active donor, but it is necessary
to stabilize the κ-phase for both techniques.9,10,13,14,27 An ongoing
debate in recent years about the crystal symmetry of κ-/ε-Ga2O3
being hexagonal or orthorhombic has been settled recently in
favor of the orthorhombic structure; see, for example, Refs. 13, 23,
and 27.
For the β-(InxGa1−x)2O3 as well as β-(AlxGa1−x)2O3 alloy
systems, a large number of reports are present dealing with
composition-dependent properties, such as lattice constants and
phonon modes,35–42 evolution of bandgaps37,38,43–46 or band
offsets,47 and the growth of the corresponding heterostruc-
tures.48–53 Wavelength-selective deep-UV photodetectors based on
β-(InxGa1−x)2O3 have been demonstrated,46 and there are even pub-
lications dealing with the formation of 2DEGs at heterointerfaces
of the β-(AlxGa1−x)2O3/Ga2O3 alloy system in MBE-grown MOD-
FET49,52,53 or quantum-well structures.51 The same alloy systems in
the κ-phase even exhibit greater potential for heterostructure device
applications because of their large spontaneous electrical polariza-
tion. This would enable polarization doping, resulting in a 2DEG at
heterointerfaces of the alloy system solely due to polarization jumps
without any extrinsic dopants, similar to AlGaN or InGaN alloy
heterostructures54–56 already industrially established.
Despite this large potential, reports on κ-phase alloy systems are
scarce and crucial alloy properties mostly unknown. Reports on the
growth of alloyed layers in heterostructures, e.g. κ-(InxGa1−x)2O3 on
κ-Ga2O3 are lacking completely to the best of the authors knowledge.
The first few reports on band gap engineering of κ-(InxGa1−x)2O3
as well as κ-(AlxGa1−x)2O3 by mist CVD have been published,31,33
and recently we presented first data on alloy properties of
κ-(InxGa1−x)2O3 for a thin film with lateral composition gradient on
a 2 inch c-sapphire wafer grown by tin-assisted PLD.14
In this report, we present a detailed analysis of the growth of
laterally homogeneous κ-(InxGa1−x)2O3 alloy layers on c-sapphire
substrates, as most commonly used substrate9–11,18,19,21,24–27,33,57,58
for κ-Ga2O3, as well as on PLD-grown κ-Ga2O3 (001) thin film tem-
plates on c-sapphire substrates. The growth limits of this phase will
be investigated by a variation of the In-content in the layers utiliz-
ing a technique called VCCS-PLD59 (vertical continuous composi-
tion spread), where a single radially segmented target is employed
to manipulate the composition of laterally homogeneous thin films.
With this, we are able to create a discrete thin film material library.
In- and out-of plane lattice constants, epitaxial relationships, and
the crystalline quality and surface morphology will be evaluated in
dependence on the In-content in the epilayer as well as the substrate
material. Furthermore, bandgap tuning between 4.1 and 4.9 eV will
be demonstrated.
II. EXPERIMENTAL METHODS
The κ-(InxGa1−x)2O3 thin films with various In-contents were
grown by pulsed laser deposition (PLD) using an elliptically seg-
mented (In0.4Ga0.6)2O3/Ga2O3 target with additional 1.5 at. % SnO2
in each segment to facilitate the growth in the κ-phase as shown
FIG. 1. (a) In-content x of the κ-(InxGa1−x )2O3 layers in dependence on the radial
position r of the PLD laser spot on the target surface as measured by EDX. The
dashed line is a fit according to an analytical model for x(r) as given in Eq. (1) and
Ref. 59. The agreement with the model confirms the stoichiometric transfer from
the target. The inset shows schematically the geometry of the target, where the
green segment is the In-rich region and the blue part consists of pure Ga2O3. The
axes of the ellipse are b = 4.5 mm and a = 8 mm. (b) Growth rate and thickness
of the κ-(InxGa1−x )2O3 layers in dependence on x. The growth rate is roughly
constant indicating the negligible contribution of the formation of volatile In2O or
Ga2O suboxides during the growth of the κ-phase.
before for the binary system.9,13 The target segmentation is schemat-
ically shown in the inset in Fig. 1(a). The target powders In2O3
(99.994% purity, Alfa Aesar), Ga2O3 (99.999% purity, Alfa Aesar),
and SnO2 (99.9% purity, Alfa Aesar) were ball-milled, cold pressed,
and then sintered in air at ≈1550 ○C for 72 h in the respective mix-
ture and segmentation. The κ-(InxGa1−x)2O3 layers were grown on
either 10 mm × 10 mm × 0.5 mm c-sapphire substrates or κ-Ga2O3
(001) thin film templates (thickness ≈500 nm) grown by PLD on c-
sapphire substrates. A 248 nm KrF excimer laser (Coherent LPX Pro
305 F) was employed for the growth of the PLD layers. The laser
APL Mater. 7, 101102 (2019); doi: 10.1063/1.5120578 7, 101102-2
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was focused to a size of ≈2 × 6.5 mm2 to achieve a laser fluence
of ≈2.6 J/cm2 on the target surface. For the laterally homogeneous
κ-(InxGa1−x)2O3 layers, a total of 10 000 laser pulses were applied
at a frequency of 10 Hz using the target described above. The radial
position of the laser spot on the target surface was fixed to a cer-
tain value r combined with a rotation of the target to provide a
circular track of the laser on the target surface. With the respec-
tive value of r, the In-content of the layers was controlled. This
technique established by us is called vertical continuous compo-
sition spread (VCCS) PLD and enables the precise control of the
composition of thin film layers or composition gradients in growth
direction as described in detail in Ref. 59. The κ-Ga2O3 templates
were deposited using a Ga2O3 target with 1 wt. % SnO2. The first
300 pulses of these layers were applied at a frequency of 1 Hz,
and the subsequent 15 000 pulses were deposited at a frequency of
10 Hz. The substrate temperature Tg was set for all layers to ≈620 ○C,
and the oxygen partial pressure p(O2) was kept at 0.006 mbar. A
detailed description of our PLD setup can be found in Refs. 60
and 61. X-ray diffraction (XRD) 2θ-ω scans, ϕ scans, and reciprocal
space maps (RSMs) were performed using a PANalytical X’pert PRO
MRD diffractometer with Cu Kα radiation using a parabolic mir-
ror and a PIXcel3D detector. To investigate the surface morphology,
atomic force microscopy (AFM) images were measured employing
a Park Systems XE-150 in noncontact or tapping mode. The In-
content of the layers was determined by energy-dispersive X-ray
spectroscopy (EDX), where a Nova NanoLab 200 by FEI company
was employed. The optical bandgap and thickness of the layers were
estimated by transmission spectroscopy or spectroscopic ellipsom-
etry, where a PerkinElmer Lambda 19 spectrometer or a RC2 dual
rotating compensator ellipsometer by J. A. Woollam was used.
III. RESULTS AND DISCUSSION
A. In-content and growth mechanism
The In-content x of the layers grown on both bare c-sapphire
substrates (referenced as type S from now on) and κ-Ga2O3 (001)
thin film templates (type T) is shown in Fig. 1(a). For radial posi-
tions r of the PLD laser spot on the target lower than the shorter axis
b of the inner elliptical segment of the target [for r < b, cf. the inset of
Fig. 1(a)], we obtain binary κ-Ga2O3 thin film layers. For b < r < a,
with the longer axis a of the ellipse, a monotonous increase in x can
be observed, where for the largest r of 8 mm, the layers exhibit with
x = 0.38 almost the In-content of the outer segment of the target
(x = 0.4). The x(r) dependency was modeled with an analytical func-
tion describing the r-dependent average particle flux composition in
the plasma plume for a circular track of the laser spot with radius
r. The derivation of this function is described in detail in Ref. 59,
and the resulting thin film composition for stoichiometric transfer is
given as follows:









where co and ci are the composition of the outer and inner segments
of the target, respectively, and ε =√1 − (b/a)2.
Given the geometrical sizes of the segments and the respec-
tive concentrations, the curve fits the thin film composition very
well with only minor adjustments on ε and co to account for the
nonideal shape of the inner segment of the target. Therefore, a sto-
ichiometric transfer can be concluded from the data. At the given,
rather low growth pressure and high growth temperature, typically,
the formation of volatile Ga2O and In2O suboxides occurs during
the growth of monoclinic ternary layers,28,62 leading to a substoi-
chiometric incorporation of In in the alloy layer. This seems not to
be the case here, and the formation of volatile suboxides, therefore,
tends to be suppressed when the orthorhombic phase is stabilized.
This is corroborated by the composition-independent growth rates
of the layers evaluated by measuring the film thickness via spec-
troscopic ellipsometry [see Fig. 1(b)]. The thin films on c-sapphire
feature roughly similar thickness for an identical number of pulses
rather increasing with the In-content. This is exactly the opposite
behavior as it would be expected for a preferable adsorption of In2O
suboxides, further confirming the stoichiometric incorporation of
In according to the average particle flux composition in the PLD
plasma.
The stoichiometric transfer from In as well as Ga species into
the thin film hints to a different growth mode in the presence of
tin, enabling the stabilization of the orthorhombic phase already
observed for PLD grown layers by Orita et al.9 as well as by us.13
Kracht et al.27 proposed an oxidation of Ga2O suboxides in MBE
growth by a thin SnO or SnO2 layer that gets reduced and reoxidized
repeatedly, catalyzing the growth in the orthorhombic modification
while suppressing the formation of suboxides. A similar mechanism
has been proposed for the catalysis of the orthorhombic phase by In
instead of Sn in the MBE by Vogt et al.28 No significant amount of
In was incorporated in the layers, corroborating the role of In as a
catalyst.
We recently proposed a slightly different mechanism for the
PLD-growth of the κ-phase in the presence of tin.13 Here, a liquid
tin alloy layer floating on the growing thin film surface mediates a
vapor-liquid-solid growth mode (surfactant-mediated epitaxy), sta-
bilizing the κ-phase without incorporation of tin in the thin film.
This would also enable the stoichiometric transfer of In into the
layer, according to the composition of the supersaturated liquid
alloy. Otherwise, in the case of a catalytic reaction, In should be
preferred over Sn as a catalyst due to a much lower In–O bond
dissociation energy compared to the Sn–O bond.63 Indeed, no sig-
nificant amount (<0.7 at. %) of tin is incorporated in our layers as
confirmed by EDX measurements (see Fig. S1 in the supplementary
material).
B. Structural properties and solubility limit
The growth of all investigated thin films in the orthorhombic
κ-phase was confirmed by X-ray diffraction (XRD) 2θ-ω scans and
XRD ϕ-scans as well as reciprocal space maps [cf. Figs. 2(a), 2(b),
and 2(d) as well as Fig. 4]. Figures 2(a) and 2(b) show the XRD 2θ-ω
scans of all investigated layers of type S as well as type T, respec-
tively. The In-content x increases from blue to red or from bottom
to top in both cases. For the lowest In-content (binary κ-Ga2O3),
the narrow κ-Ga2O3 (004) reflection is clearly observable. This
reflection appears at a slightly higher angular position than the
corresponding β-Ga2O3 (4̄02) reflection23,64,65 (≈38.8○ vs ≈38.3○),
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FIG. 2. (a) and (b) XRD 2θ-ω scans of the κ-(InxGa1−x )2O3 layers of (a) type S and (b) type T around the κ-Ga2O3 (004) reflection with In-content x as indicated. Peaks
marked with Kβ are due to Kβ radiation and those marked with c-In2O3 belong to In2O3 in the cubic bixbyite structure. The thin film with x = 0.00 consists of the template
layer and a κ-(InxGa1−x )2O3 layer for x = 0.00 on top. A shift of the reflections of the κ-(InxGa1−x )2O3 layers to lower angular positions with increasing x is clearly
visible. No hints of β-Ga2O3 or impurity phases apart from bixbyite In2O3 could be found in the whole 2θ range of 10○–130○. (c) c-lattice constant of the κ-(InxGa1−x )2O3
layers in dependence on the In-content x determined from the positions of the (002), (004), (006), (008), and (0010) reflections. A linear increase in c with increasing x
according to Vegard’s law is observed. A linear fit is shown as green dashed line and given as c(x) in Eq. (2). The inset shows the full width at half maximum (FWHM) of
rocking curves of the (004) reflections in dependence on x. (d) XRD ϕ-scans of the skew-symmetric film and substrate reflections for a type S layer confirming epitaxial
growth on the substrate with three rotational domains. The occurrence and twelvefold splitting of the (122) reflection corroborates the growth in the orthorhombic crystal
structure.
identifying this film as κ-phase Ga2O3. Indeed, apart from the sub-
strate reflections, only reflections corresponding to the (001) plane
of κ-Ga2O3 have been identified in the whole measurement range
from 10○−130○. As soon as In is incorporated in the layers, all cor-
responding κ-(InxGa1−x)2O3 (00N) reflections shift to lower angular
positions with increasing In-content corresponding to an increase in
the out-of-plane c-lattice constant. No reflections according to other
orientations were observed corresponding to purely (001)-oriented
growth for all x. The shift of the reflections is quite sensitive to the
In-content, and a change is already visible for concentrations as low
as 1–2 at. %, as can be seen in the XRD pattern in Fig. 2(b) for
x = 0.02, where a shoulder appears on the left side of the κ-Ga2O3
(004) reflection of the template. The reflections of the template are
present in all XRD scans and do not show any signs of a shift, no
matter the In-content of the epilayer. The κ-(InxGa1−x)2O3 layers
show no impurity phase up to an In-content of x = 0.28, especially
no additional κ-(InyGa1−y)2O3 reflections, corresponding to sam-
ple regions with different In-content y. This hints to a sufficient
diffusion of In throughout the layer required in the VCCS-technique
due to the constant change in particle flux composition.
In between x = 0.28 and 0.34, the solubility limit is reached
both for layers of type S and type T since, for higher x, reflec-
tions corresponding to cubic bixbyite In2O3 start to appear indi-
cating a phase separation. The additional occurrence of the In2O3
(400) reflection in Fig. 2(b) for layers of type T is in agreement
with the lattice constant of the bixbyite phase (a = 10.117 Å),66
which is almost exactly twice the a-lattice constant and slightly larger
than the b-lattice constant of the binary κ-Ga2O3 growth template
(a = 5.0463 Å, b = 8.7020 Å).23 The (100) orientation is, there-
fore, expected to be favored on the templates compared to the
pseudohexagonal surface of c-sapphire.
At roughly the same In-content, we could observe a phase sepa-
ration in κ-(InxGa1−x)2O3 thin films with lateral composition gradi-
ent that we investigated in a recent report,14 which apparently seems
to be the limit for PLD-growth of this alloy. Nevertheless, even for
the highest In-content of x = 0.38, the (InxGa1−x)2O3 alloy phase
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still crystallizes in the κ-modification. For thin films grown by mist
CVD,33 phase separation occurs already around x ≈ 0.2 similarly
with the appearance of bixbyite In2O3. The higher phase stability
limit could be the advantage of PLD as nonequilibrium growth tech-
nique, expanding the growth window in this case. Interestingly, the
phase stability limit of In in β-(InxGa1−x)2O3 thin films is roughly
found at a maximum of x = 0.3–0.35 as well for several deposi-
tion methods such as PMBE,35 PLD,40 or sol-gel methods38 and
seems not to be an exclusive property of the κ-phase. To our sur-
prise, growth on the relaxed κ-Ga2O3 templates, providing better
lattice-matched conditions for the subsequent κ-(InxGa1−x)2O3 epi-
layer, did not further enhance the κ-phase limit at the given growth
conditions.
The c-lattice constants of the κ-(InxGa1−x)2O3 layers were
determined by taking into account the positions of the (002), (004),
(006), (008), and (0010) reflections. From these, the corresponding
d001 distances were calculated and extrapolated to θ = 90○ using the
relationship67 c(θ) = f (0.5[tan(θ)−1 + cos(θ) tan(θ)−1]), where f
is a linear function, to minimize goniometer errors. The resulting c-
lattice constant in dependence on x is shown in Fig. 2(c). A linear
increase in c according to Vegard’s law is apparent for x ≲ 0.28 with
the same dependency for both the layers of type S and type T. The
mixed phase layers exhibit a slight deviation from the linear behav-
ior. This is most likely due to an overestimation of the In-content
in the κ-phase in the EDX measurements caused by the segregation
of In2O3. A linear fit to the data up to 28 at. % gives the following
empiric dependency:
c(x)(Å) = (9.264 ± 0.003) + (1.24 ± 0.02) × x, (2)
which is in close agreement to our data on thin films with lateral
composition spread14 as well as thin films by mist CVD by Nishinaka
et al.33
Nevertheless, the κ-Ga2O3 template still has a beneficial impact
on the crystal quality of the κ-(InxGa1−x)2O3 layers, as is apparent
when comparing Figs. 2(a) and 2(b). The reflections for the layers of
type S are getting more and more broadened for higher In-contents;
Kα1/Kα2 splitting is barely visible already at x = 0.12, while the lay-
ers of type T at x = 0.25 and x = 0.34 still show this feature with
broadenings almost as low as the resolution of the experimental
setup (≈0.05○2θ). The same holds for the calculated full width at
half maximum (FWHM) of the (004) reflection in rocking curve
measurements shown in the inset in Fig. 2(c). While the values are
strongly increasing with x for the thin films of type S, the FWHM
of the layers of type T stays constant up to x = 0.34 in a range of
0.6○–0.8○ω, similar to the (004) reflection of the templates. This
confirms the superior structural quality of the epilayers on the
κ-Ga2O3 (001) growth templates and the possibility of high-quality
heterostructures for this alloy system.
Epitaxial growth of the κ-(InxGa1−x)2O3 layers on the c-
sapphire substrate was confirmed by XRD ϕ scans of the skew-
symmetric κ-(InxGa1−x)2O3 (131) and (122) reflections as well as
the Al2O3 (10.2) reflection. A typical scan for x = 0.2 is shown
in Fig. 2(d). The twelvefold splitting of the (122) reflection vali-
dates the growth in the orthorhombic structure in three rotational
domains separated by 120○.13 From the position of the sixfold
(131) and the (122) reflections, the in-plane epitaxial relationships
α-Al2O3 ⟨1̄0.0⟩∥⟨010⟩ κ-(InxGa1−x)2O3 and α-Al2O3 ⟨1̄2.0⟩∥⟨100⟩
κ-(InxGa1−x)2O3 can be deduced, similar to the binary mate-
rial11,13,27,33 and thin films with lateral composition spread.14
The surface morphology of the thin films as investigated by
atomic force microscopy (AFM) images is shown in Fig. 3(a). Lay-
ers of type S on the left side and layers of type T on the right side
are displayed. In both cases, the layers are rather smooth and con-
sist of small grains that tend to increase in size with increasing x. As
discussed above, these films consist of several rotational domains,
causing this textured surface with small crystallites. The thin films of
type T seem slightly rougher with larger grain sizes, which could also
be affected by almost doubled total film thickness exceeding 1 μm.
Figure 3(b) shows the calculated root-mean squared roughnesses Rq
of the layers. The phase pure thin films exhibit roughnesses in the
low nanometer regime, only slightly increasing with x. As soon as
the phase separation sets in, the roughness increases drastically due
FIG. 3. (a) AFM images of κ-(InxGa1−x )2O3 layers of type S (left) and of type T
(right) with In-content x as indicated. Smooth surfaces can be observed. (b) Root-
mean squared surface roughness Rq of the layers in dependence on x. A sudden
increase in Rq for the thin films where a cubic bixbyite In2O3 impurity phase is
present is indicated with a dashed green ellipse.
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to the impurity phase as observed before also for layers with lateral
composition spread.14
Nevertheless, the surface roughness of our layers, also regard-
ing their large thickness, should be sufficient for practical device
applications where typically lower film thicknesses are relevant.
Especially for applications in heterostructure-based devices, the
κ-(InxGa1−x)2O3 layers with lower bandgap are envisaged to serve
as active medium with a thickness of a few nanometer only, not as a
growth template or barrier layer.
C. Growth analysis and lattice constants
To further analyze the growth behavior of the κ-(InxGa1−x)2O3
in the tin-assisted PLD and to determine crystallographic in-plane
properties, reciprocal space map (RSM) measurements were per-
formed on asymmetric reflections of several selected samples. For
each sample, the RSMs were measured around the (139) reflection of
κ-Ga2O3 as well as the (11.12) reflection of the c-sapphire substrate.
Figure 4 shows the RSMs of three samples of type T with increasing
In-content x from left to right. The RSMs of the other samples can
be found in Figs. S2 and S3 in the supplementary material.
The reflection of the growth template is located, as expected,
on the same position for each sample and shows Kα1/Kα2 splitting
with low broadening in q direction. The rather high broadening
in q∥ direction is related to the low lateral grain size as reported
in detail before.13 The κ-(InxGa1−x)2O3 (139) reflections show a
similar behavior for all x, indicating similar crystallographic prop-
erties. Even for the x = 0.25 sample, exhibiting the highest In-
content of the phase pure layers of type T, Kα1/Kα2 splitting for
this asymmetric reflection is clearly visible with almost identical
broadening to the template in q direction. The position of the
reflections shifts to lower values both in q and in the q∥ coordinate
corresponding to both increasing out-of and in-plane lattice con-
stants with increasing incorporation of In. From the clearly shifted
in-plane position of the layer with respect to the κ-Ga2O3 template,
pseudomorphic growth can be excluded for the higher In-contents.
Nevertheless, due to the defined relation of the layer, template, and
substrate reflections on the same angular position in ϕ required for
these RSMs, epitaxial growth of the layers of type T as well as type S
can be further confirmed, respectively.
Upon closer inspection of the broadening of the peaks for
higher In-contents, for example, in Fig. 4(c), one can see that the
dominant direction of the broadening of the peaks slightly tilts from
mainly broadening in q∥ to a rather skewed broadening. This could
correspond to a change of the underlying physical origin of the
broadening from the low lateral grain size to rather an increased
mosaicity, i.e., grains that are tilted with respect to each other. This
might be caused by an increased lattice mismatch of the epilayer to
the template.
From the q∥ and q position of the (139) reflections, we cal-
culated both in-plane and out-of-plane lattice plane distances in
dependence on x as d130 and c-lattice constant, respectively. The
layer positions were, for each case, corrected by the position of the
(11.12) substrate reflection in comparison to the expected one based
on JCPDS PDF card no. 82-1399. The resulting values are shown
in Fig. 5. The gray dashed line indicates the values for the growth
template exhibiting nearly identical values after the correction
procedure as intended. Both lattice parameters are increasing almost
FIG. 4. Typical reciprocal space maps of selected κ-(InxGa1−x )2O3 layers on κ-Ga2O3 (001) templates around the asymmetric κ-Ga2O3 (139) reflection. The In-content x
as indicated increases from (a) to (c). Epitaxial, but relaxed growth on the template is indicated. The κ-(InxGa1−x )2O3 reflections shift to lower values both in q∥ and q with
increasing x, indicating an increase in all lattice constants due to the incorporation of In in the lattice. Kα1/Kα2 splitting is present for almost all thin films of type T, confirming
the high crystalline quality of the layers.
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FIG. 5. c-lattice constant (upper panel) and lattice plane distance d130 (lower panel)
in dependence on x, determined from the position of the κ-(InxGa1−x )2O3 (139)
reflections in the RSMs for the layers of type S (black squares) and type T (blue
circles). The dashed gray line indicates the values for the κ-Ga2O3 template that
are after correction for the substrate reflection constant for all samples. The green
dashed line is not a fit to these data, but the function c(x) as determined by a fit of
the c-lattice constants from the 2θ-ω scans and given in Eq. (2). The violet dashed
line is a fit to the data with the corresponding function as indicated by d130(x).
perfectly linear with increasing x, as expected by Vegard’s law. Slight
deviations are again only observable for the sample showing an
impurity phase for the highest In-content.
The green dashed line in Fig. 5(a) is no fit to these data, but the
empirical dependency given in Eq. (2) determined from the 2θ-ω
scans. The almost perfect agreement with the data corroborates the
correct evaluation of the RSM data. The increase in the lattice plane
distance d130 was fitted, giving the dependency as indicated in Fig. 5
that reads
d130(x)(Å) = (2.514 ± 0.001) + (0.261 ± 0.01) × x. (3)
The variation of the in-plane distance d130 here is also in close
agreement with the rather limited and scattered data by Nishinaka
et al.,33 expanding the accessible region for this alloy by more than
10 at. %.
Interestingly, calculating the relative change of the lattice plane
distances, we get quite similar values in-plane and out-of-plane as
follows:
Δc(x)
c(0) = 0.134x; Δd130(x)d130(0) = 0.104x, (4)
corresponding to nearly isotropic expansion of the lattice upon
In-incorporation being typical for relaxed layers. We also do not
observe any sudden jump or slope change in the out-of-plane or in-
plane lattice parameters, following a linear behavior in the complete
composition range. Therefore, we can deduce from the data that the
layers grow, surprisingly even for very low In-contents, relaxed on
the growth templates as well as the c-sapphire substrates. This is also
indicated in a plot of the extracted q values of the κ-(InxGa1−x)2O3
(139) reflections as a function of q∥ shown in Fig. S4 in the supple-
mentary material, which are all lying on a line connecting the origin
and the κ-Ga2O3 (139) reflection. This could be due to the relatively
strong variation of in-plane lattice constants upon In-incorporation
and large film thicknesses in our case.
For the growth of MgxZn1−xO on ZnO (00.1), there are
reports68 where in-plane lattice mismatches of less than 0.5%
(xMg = 0.37) lead to a critical thickness of much less than 100 nm
for coherent growth. This mismatch is reached in the case of
κ-(InxGa1−x)2O3 already for x ≈ 0.05, according to Eq. (4). Similar to
our thin films, for InxGa1−xN on GaN (00.1),69–71 the critical thick-
ness falls below 100 nm for In-contents as low as xIn ≈ 0.05. How-
ever, there are also reports where strained pseudomorphic MgZnO
layers of micrometer thickness on ZnO substrates are possible.72
Therefore, a coherent growth might be achievable for lower film
thicknesses, e.g., in quantum well heterostructures, or for different
process parameters.
D. Optical properties and evolution of bandgap
The optical properties of the samples and the corresponding
limits for bandgap engineering were investigated by transmission
spectroscopy and spectroscopic ellipsometry. Figure 6(a) shows the
transmittance spectra for all type S layers. Transparency in the com-
plete visible up to the UV-regime can be verified for all our layers.
Transmission and absorption spectra for the layers of type T are
shown in Fig. S5 in the supplementary material. Apparent is the red-
shift of the absorption onset with increasing In-content as expected
from literature.14,33 We estimated the direct optical bandgap of our
layers by extrapolation of the square of the calculated absorption
coefficient (αd)2 to zero absorption according to α2 ∝ E − Eg, with
the film thickness d. The fits on the curves and the bandgap region
are given as dashed lines and green bar in the inset in Fig. 6(a),
respectively.
The estimated optical bandgaps are plotted as a function of x
in Fig. 6(b) as black squares and blue circles. In contrast to our thin
film with lateral composition gradient,14 a linear decrease in Eg is
observed over the whole composition range, even for the samples
for which phase separation has set in. A linear fit to the data for the
type S layers gives the following empirical relationship:
Eg(x)(eV) = (4.92 ± 0.02) − (2.21 ± 0.08) × x, (5)
enabling bandgap engineering in a range of 4.1–4.9 eV (phase pure
4.2–4.9 eV). For similar PLD-grown β-(InxGa1−x)2O3 thin films on
c-sapphire substrates,43 phase separation takes place already well
below x = 0.2, restricting bandgap variation to less than 300 meV.
In general, the evolution of Eg is in close agreement with pre-
vious reports14,33 and interestingly also quite similar to the vari-
ation of the bandgap in β-(InxGa1−x)2O3 for various deposition
methods.3,37,38,43,44
The estimated bandgaps for the layers of type T are in reason-
able agreement with those of type S but appear somehow scattered
around the linear fit. This could be due to the simplified model
applied for the estimation of the optical bandgap. The samples repre-
sent multilayer systems consisting of the c-sapphire substrate, possi-
bly the κ-Ga2O3 template layer and the κ-(InxGa1−x)2O3 layer. Such
systems typically need to be modeled by a transfer matrix approach,
especially for the type T layers, where a direct determination of the
optical bandgap by means of the determined absorption coefficient
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FIG. 6. (a) Transmittance spectra of the κ-(InxGa1−x )2O3 layers of type S. A
decrease of the absorption onset with increasing x is clearly observable. The thin
films are transparent in the complete visible up to the UV spectral range. The inset
shows the calculated absorption spectra expressed as (αd)2 as a function of the
photon energy. Linear fits to the data are shown as dashed lines for the estima-
tion of the direct optical bandgap Eg. (b) Estimated optical bandgaps Eg of the
κ-(InxGa1−x )2O3 thin films of type S and type T as a function of x. Points labeled
ellipsometry were evaluated by a transfer matrix model including transmission and
ellipsometry data. The dashed line is a linear fit to the data for the layers of type S
with the function for Eg as indicated.
as for the type S layers is not as easily performed. Here, a lineshape
analysis is rather the method of choice.
The possibility of application of this approach for the
orthorhombic system is plotted as green symbols in Fig. 6(b). Here,
the resulting values of the bandgap energy for the strongest contri-
bution to the absorption in the near bandgap region for the type S
layers are shown. For this, both the spectroscopic ellipsometry and
the transmittance data were modeled simultaneously. The process
delivers slightly lower energies in comparison to the transmittance
data alone, which could be due to the limitations of the simple
evaluation of transmission spectra as mentioned before. However, a
linear relationship is given as well and, within the experimental and
modeling uncertainty, the values for both methods are in reasonable
agreement. Due to the complexity of the fitting process, it has not
been tested for the type T layers so far.
In conclusion, these results show the possibility of employing
κ-(InxGa1−x)2O3 as an active layer in quantum well systems with
rather high band offsets to κ-Ga2O3 or even κ-(AlxGa1−x)2O3 barrier
layers.
IV. CONCLUSION
We have grown (InxGa1−x)2O3 layers in the orthorhombic
κ-modification with 0 ≤ x ≤ 0.38 (phase pure 0 ≤ x ≤ 0.28) suc-
cessfully on c-sapphire substrates as well as κ-Ga2O3 thin film tem-
plates by tin-assisted VCCS-PLD, employing only a single, radially
segmented, and tin-doped (In0.4Ga0.6)2O3/Ga2O3 target. A stoichio-
metric transfer of the average particle flux composition of the PLD
plasma into the thin film layers with stable growth rates for all x was
verified. This implies the suppression of the formation of volatile
Ga2O and In2O suboxides together with the stabilization of the
κ-phase in the presence of tin during the PLD process. An expla-
nation was already given in previous reports,13,14 where tin was
proposed as a surfactant for a surfactant-mediated growth mode.
Epitaxial growth for all x both on c-sapphire substrates and on
the growth template in the orthorhombic crystal structure with three
rotational domains was proven. To the best of the authors’ knowl-
edge, such epitaxial heterostructures in the κ-(InxGa1−x)2O3/Ga2O3
alloy system were not reported before. Growth on the κ-Ga2O3 tem-
plates further enhanced the crystalline quality of the epilayer drasti-
cally showing the possibility of high-quality heterostructures in the
orthorhombic crystal structure.
In- and out-of-plane lattice constants for layers both on c-
sapphire and on growth templates determined by XRD 2θ-ω scans
as well as reciprocal space maps exhibited a linear increase with
increasing In-content of the layers according to Vegard’s law. From
these observations, relaxed epitaxial growth is indicated, which can
be explained by the tin-assisted growth mechanism.
Furthermore, smooth surface morphologies could be verified
for all pure phase samples, being suitable for the growth of het-
erostructure devices.
Similar to the lattice constants, a linear behavior of the opti-
cal bandgap was deduced from transmission spectroscopy as well as
spectroscopic ellipsometry with a decrease of more than 800 meV,
when the In-content is increased up to x = 0.38. This enables
bandgap engineering in quantum-well heterostructures of this alloy
system with subniveau transition energies up to the near infrared.
Even higher band offsets would be possible in heterostructures
to the κ-(AlxGa1−x)2O3 alloy system, expanding the possible range of
transition energies potentially to the visible spectral range. By utiliz-
ing the theoretically expected high spontaneous electrical polariza-
tion in the system,6–8 even high-mobility 2DEGs at heterostructure
interfaces by polarization doping, similar to alloys based on GaN, are
in the realm of possibilities. This renders the κ-modification highly
promising for demanding device applications such as quantum-well
intersubband photodetectors or high electron mobility transistors.
For these, the suppression of rotational domains and the coherent
growth of the heterostructures should be strived for in the future.
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SUPPLEMENTARY MATERIAL
See the supplementary material for the tin content of all inves-
tigated samples in dependence on the In-content in the alloy layers
as determined by EDX, additional reciprocal space maps around the
κ-(InxGa1−x)2O3 (139) reflections, a plot of q as a function of q∥
of the positions of the κ-(InxGa1−x)2O3 (139) reflections of the alloy
layers in reciprocal space and transmission, and absorption spectra
for the layers of type T.
ACKNOWLEDGMENTS
We are indebted to Gabriele Ramm and Monika Hahn for PLD
target fabrication and to Jörg Lenzner for EDX measurements. We
also thank Ulrike Teschner for transmission measurements, Hol-
ger Hochmuth for the implementation of VCCS PLD in the growth
setup, and Eduard Rose for writing the program to display the recip-
rocal space maps. This work was supported by the European Social
Fund within the Young Investigator Group “Oxide Heterostruc-
tures” (Grant No. SAB 100310460). M.K. and A.H. also acknowledge
the Leipzig School for Natural Sciences BuildMoNa. We acknowl-
edge support from the German Research Foundation (DFG) and
Universität Leipzig within the program of Open Access Publishing.
REFERENCES
1M. Higashiwaki, K. Sasaki, H. Murakami, Y. Kumagai, A. Koukitu, A. Kura-
mata, T. Masui, and S. Yamakoshi, “Recent progress in Ga2O3 power devices,”
Semicond. Sci. Technol. 31, 034001 (2016).
2S. I. Stepanov, V. I. Nikolaev, V. E. Bougrov, and A. E. Romanov, “Gallium oxide:
Properties and applications—A review,” Rev. Adv. Mater. Sci. 44, 63–86 (2016).
3H. von Wenckstern, “Group-III sesquioxides: Growth, physical properties and
devices,” Adv. Electron. Mater. 3, 1600350 (2017).
4S. J. Pearton, J. Yang, P. H. Cary, F. Ren, J. Kim, M. J. Tadjer, and M. A. Mastro,
“A review of Ga2O3 materials, processing, and devices,” Appl. Phys. Rev. 5, 011301
(2018).
5J. Lähnemann, O. Brandt, U. Jahn, C. Pfüller, C. Roder, P. Dogan, F. Grosse,
A. Belabbes, F. Bechstedt, A. Trampert, and L. Geelhaar, “Direct experimental
determination of the spontaneous polarization of GaN,” Phys. Rev. B 86, 081302
(2012).
6M. B. Maccioni and V. Fiorentini, “Phase diagram and polarization of stable
phases of (Ga1−xInx)2O3,” Appl. Phys. Express 9, 041102 (2016).
7K. Shimada, “First-principles study of crystal structure, elastic stiffness con-
stants, piezoelectric constants, and spontaneous polarization of orthorhombic
Pna21-M2O3 (M = Al, Ga, In, Sc, Y),” Mater. Res. Express 5, 036502 (2018).
8J. Kim, D. Tahara, Y. Miura, and B. G. Kim, “First-principle calculations of elec-
tronic structures and polar properties of (κ, ε)-Ga2O3,” Appl. Phys. Express 11,
061101 (2018).
9M. Orita, H. Hiramatsu, H. Ohta, M. Hirano, and H. Hosono, “Preparation
of highly conductive, deep ultraviolet transparent β-Ga2O3 thin film at low
deposition temperatures,” Thin Solid Films 411, 134–139 (2002).
10K. Matsuzaki, H. Hiramatsu, K. Nomura, H. Yanagi, T. Kamiya, M. Hirano, and
H. Hosono, “Growth, structure and carrier transport properties of Ga2O3 epitaxial
film examined for transparent field-effect transistor,” Thin Solid Films 496, 37–41
(2006).
11K. Matsuzaki, H. Yanagi, T. Kamiya, H. Hiramatsu, K. Nomura, M. Hirano,
and H. Hosono, “Field-induced current modulation in epitaxial film of deep-
ultraviolet transparent oxide semiconductor Ga2O3,” Appl. Phys. Lett. 88, 092106
(2006).
12X. Zhao, Y. Zhi, W. Cui, D. Guo, Z. Wu, P. Li, L. Li, and W. Tang, “Char-
acterization of hexagonal ε-Ga1.8Sn0.2O3 thin films for solar-blind ultraviolet
applications,” Opt. Mater. 62, 651–654 (2016).
13M. Kneiß, A. Hassa, D. Splith, C. Sturm, H. von Wenckstern, T. Schultz,
N. Koch, M. Lorenz, and M. Grundmann, “Tin-assisted heteroepitaxial PLD-
growth of κ-Ga2O3 thin films with high crystalline quality,” APL Mater. 7, 022516
(2019).
14A. Hassa, H. Von Wenckstern, D. Splith, C. Sturm, M. Kneiß, V. Prozheeva, and
M. Grundmann, “Structural, optical, and electrical properties of orthorhombic
κ-(InxGa1−x)2O3 thin films,” APL Mater. 7, 022525 (2019).
15Y. Oshima, E. G. Víllora, Y. Matsushita, S. Yamamoto, and K. Shimamura, “Epi-
taxial growth of phase-pure ε-Ga2O3 by halide vapor phase epitaxy,” J. Appl. Phys.
118, 085301 (2015).
16Y. Yao, S. Okur, L. A. M. Lyle, G. S. Tompa, T. Salagaj, N. Sbrockey, R. F. Davis,
and L. M. Porter, “Growth and characterization of α-, β-, and ε-phases of Ga2O3
using MOCVD and HVPE techniques,” Mater. Res. Lett. 6, 268–275 (2018).
17X. Xia, Y. Chen, Q. Feng, H. Liang, P. Tao, M. Xu, and G. Du, “Hexagonal phase-
pure wide band gap ε-Ga2O3 films grown on 6H-SiC substrates by metal organic
chemical vapor deposition,” Appl. Phys. Lett. 108, 202103 (2016).
18F. Boschi, M. Bosi, T. Berzina, E. Buffagni, C. Ferrari, and R. Fornari, “Hetero-
epitaxy of ε-Ga2O3 layers by MOCVD and ALD,” J. Cryst. Growth 443, 25–30
(2016).
19F. Mezzadri, G. Calestani, F. Boschi, D. Delmonte, M. Bosi, and R. Fornari,
“Crystal structure and ferroelectric properties of ε-Ga2O3 films grown on (0001)-
sapphire,” Inorg. Chem. 55, 12079–12084 (2016).
20R. Fornari, M. Pavesi, V. Montedoro, D. Klimm, F. Mezzadri, I. Cora, B. Pécz,
F. Boschi, A. Parisini, A. Baraldi, C. Ferrari, E. Gombia, and M. Bosi, “Thermal
stability of ε-Ga2O3 polymorph,” Acta Mater. 140, 411–416 (2017).
21Y. Zhuo, Z. Chen, W. Tu, X. Ma, Y. Pei, and G. Wang, “β-Ga2O3 versus ε-
Ga2O3: Control of the crystal phase composition of gallium oxide thin film pre-
pared by metal-organic chemical vapor deposition,” Appl. Surf. Sci. 420, 802–807
(2017).
22H. Sun, K.-H. Li, C. G. T. Castanedo, S. Okur, G. S. Tompa, T. Salagaj,
S. Lopatin, A. Genovese, and X. Li, “HCl flow-induced phase change of α-, β-, and
ε-Ga2O3 films grown by MOCVD,” Cryst. Growth Des. 18, 2370–2376 (2018).
23I. Cora, F. Mezzadri, F. Boschi, M. Bosi, M. Čaplovičová, G. Calestani,
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FIG. S2. Reciprocal space maps of κ-(InxGa1−x)2O3 layers on c-sapphire around the asymmetric κ-Ga2O3 (139) reflec-
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x = 0.34
FIG. S3. Reciprocal space maps of κ-(InxGa1−x)2O3 layers on κ-Ga2O3 (001) templates around the asymmetric κ-Ga2O3
(139) reflection. In-content x as indicated. Non-indicated reflections in the lower part are belonging to the (138) reflections of
the κ-(InxGa1−x)2O3 layers and the κ-Ga2O3 template, respectively.
4
κ-(In,Ga)2O3 Heterostructures
FIG. S4. Values of q⊥ for the (139) reflection of the κ-(InxGa1−x)2O3 layers and κ-Ga2O3 templates as function of q‖
both determined from the reciprocal space maps. The red dashed line connects the origin of the reciprocal coordinate system
and the position of the κ-Ga2O3 (139) reflection indicating relaxed growth. The green dotted line is indicating pseudomorphic
growth.
(a) (b)
FIG. S5. (a) Transmittance spectra of the κ-(InxGa1−x)2O3 layers on κ-Ga2O3 thin film templates. A decrease of the
absorption onset with increasing x is clearly observable. The thin films are transparent in the complete visible up to the
UV-range. (b) Calculated absorption spectra expressed as (αd)2 as function of the photon energy. Linear fits to the data are
shown as dashed lines for the estimation of the direct optical bandgap Eg.
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ABSTRACT
The structural, surface, and optical properties of phase-pure κ-(AlxGa1−x)2O3 thin films on c-sapphire and STO(111):Nb substrates as well as
on MgO(111) and κ-Ga2O3 templates are reported as a function of alloy composition for x < 0.4. The thin films were grown by tin-assisted
pulsed laser deposition (PLD). For the variation of the Al-content, we utilized radially segmented PLD targets that enable the deposition
of a thin film material library by discrete composition screening. Growth on κ-Ga2O3 (001) thin film templates enhanced the phase pure
growth window remarkably up to x = 0.65. The crystallization of the κ-phase was verified by X-ray diffraction 2θ-ω-scans for all samples.
Both in- and out-of-plane lattice constants in dependence on the Al-content follow a linear relationship according to Vegard’s law over the
complete composition range. Atomic force microscope measurements confirm smooth surfaces (Rq ≈ 1.4 nm) for all investigated Al-contents.
Furthermore, bandgap tuning from 4.9 eV to 5.8 eV is demonstrated and a linear increase in the bandgap with increasing Al-content was
observed.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5124231., s
I. INTRODUCTION
Recently, the transparent semiconductor Ga2O3 gained con-
siderable attention due to its interesting physical properties such
as wide bandgap1 and high electrical breakdown field2 enabling
a variety of potential applications such as high power transistors,
solar blind photodetectors, and gas sensors.3–5 The most inten-
sively investigated polymorph of Ga2O3 is the monoclinic β phase
because of its thermodynamic stability at standard environmental
conditions. However, more and more attention is presently shifting
toward other polymorphs of Ga2O3. In particular, the orthorhom-
bic κ-phase,6 also referred to as ε-phase, gained a significant degree
of interest due to its high predicted spontaneous polarization7
of 23 μC/cm2. This presumably leads to the formation of a 2
dimensional electron gas at κ-Ga2O3/GaN,8 κ-Ga2O3/CaCO3,9 or
κ-Ga2O3/κ-(Al,Ga)2O3 heterointerfaces, acting as a functional layer
in various device applications such as high power devices operat-
ing at high frequencies.9 However, the atomic displacements in the
unit cell of κ-Ga2O3 indicate a remarkably lower spontaneous polar-
ization of only 0.2 μC/cm2 as revealed by Cora et al.6 Therefore,
more work is required to determine the true capabilities of κ-Ga2O3
for such applications. The heteroepitaxial growth of κ-Ga2O3 has
already been achieved by metal organic chemical vapor deposition
(MOCVD),10–15 halide vapor phase epitaxy (HVPE),16 mist chemi-
cal vapor deposition (MCVD),17,18 laser molecular beam epitaxy,19
molecular beam epitaxy (MBE),20 as well as pulsed laser deposition
(PLD).21,22 To stabilize the κ-phase of Ga2O3 in MBE and PLD, the
presence of tin is crucial as it acts as a catalyst and is not significantly
incorporated into the thin film.20,21 Recently, the first paper report-
ing on conductive n-type κ-Ga2O3 was published, utilizing Sn and Si
APL Mater. 7, 111110 (2019); doi: 10.1063/1.5124231 7, 111110-1
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as donors elements,23 and with this opening perspectives in practical
device applications.
Alloying of Ga2O3 with indium and aluminum in the β-phase
has already been achieved and is well investigated regarding var-
ious material properties and heterostructures.24–33 However, for
the κ-phase, investigations of the alloy system are at their begin-
ning. Only a few reports concerning bandgap engineering, growth,
and optical properties of κ-(In,Ga)2O3 grown by PLD34 and
MCVD35 or κ-(Al,Ga)2O3 grown by MCVD36 are available. Reports
related to the growth of κ-Ga2O3 heterostructures are so far not
published.
In this work, the tin-assisted heteroepitaxial growth of
κ-(Al,Ga)2O3 by PLD on c-sapphire and STO(111):Nb substrates
as well as κ-Ga2O3(001) and MgO(111) templates is presented. A
new PLD technique, referred to as VCCS-PLD (vertical continuous
composition spread-PLD) was employed.37 By variation of the radial
position of the PLD laser spot on an elliptically segmented target,
the composition of the particle flux toward the substrate may be
varied, resulting in thin films with distinct composition or continu-
ous vertical composition spread. In this report, the VCCS-technique
was utilized for the growth of thin films with discrete and vertical
homogeneous compositions. This allows for the growth of a set of
differently composed samples using one and the same PLD-target.
The resulting thin films were investigated regarding morphological
and structural properties, optical bandgaps, and epitaxial growth in
dependence on growth parameters and aluminum contents.
II. EXPERIMENTAL METHODS
The targets utilized for the aluminum variation in this report
consist of (Al0.4Ga0.6)2O3 + 1.5 at. % SnO2 or (Al0.2Ga0.8)2O3
+ 1.5 at. % SnO2 in the outer segment and Ga2O3 + 1.5 at. % SnO2
in the inner segment of the elliptically segmented target [Fig. 1(c)].
The optimization of the growth parameters was conducted employ-
ing a target with (Al0.1Ga0.9)2O3 + 1 at. % SnO2 in the outer and
(Al0.1Ga0.9)2O3 in the inner segment of the target. Ga2O3 (99.999%
purity), Al2O3 (99.997% purity), and SnO2 (99.9% purity) powders
from Alfa Aesar were utilized. To achieve the segmentation of the
target, a stainless steel form was used resulting in a target with≈28 mm outer diameter, comprising an inner segment with a height
of ≈17 mm and a width of ≈7 mm. To produce the targets, Al2O3,
Ga2O3, and SnO2 powders were presintered in air at 1150 ○C for
FIG. 1. (a) Wide-angle XRD 2θ-ω scans of samples grown with oxygen pressure variation on c-sapphire. The growth temperature was kept constant at T ≈ 600 ○C. The
green diffractogram represents the β-phase which is stabilized for p(O2) = 0.02 mbar. (b) (002), (004), and (006) κ-(AlxGa1−x )2O3 peaks in a magnified view with Al-contents
as labeled. W(Lα) denotes reflections due to tungsten Lα radiation. (c) Aluminum content in dependence on the radial position rPLD of the PLD laser spot on the target.
The compositions were determined by EDX, XPS, and XRD peak positions. (d) Growth rates for various κ-(AlxGa1−x )2O3 (green and blue squares) and β-(AlxGa1−x )2O3
(blue and red triangles) thin films as determined by ellipsometry and XRR in comparison. The data for the pressure varied β-phase layers were extracted from40 where the
same PLD-setup was used with the pressure range as indicated. The target utilized for these thin films consists of 86.8 at. % Ga2O3 + 8.8 at. % Al2O3 + 4.4 at. % SiO2. The
β-Ga2O3 thin films at constant pressure were deposited employing an elliptically segmented target with 79.5 at. % Ga2O3 + 20 at. % Al2O3 + 0.5 at. % SnO2 in the outer and
99.5 at. % Ga2O3 + 0.5 at. % SnO2 and variation of the PLD laser spot radius rPLD (VCCS-PLD).
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10 h, ball-milled, pressed, and subsequently sintered at 1350 ○C for
72 h. For the growth of the κ-Ga2O3 templates, a homogeneous tar-
get consisting of Ga2O3 + 1 at. % Sn was employed. For the growth
of the MgO templates, a homogeneous MgO target was used, which
was produced from MgO-powders (Alfa Aesar, 99.998% purity) and
sintered at 1650 ○C for 6 h. The PLD system employed consists of
a Coherent LPXpro 305 248 nm KrF excimer laser. The laser oper-
ates at a pulse energy of ≈650 mJ, resulting in an energy density on
the target surface of ≈2.6 J cm−2 with a pulse frequency of 10 Hz.
The growth pressure was varied between 3 × 10−4 mbar O2 and
0.02 mbar O2. X-ray diffraction (XRD) measurements were
performed with a PANalytical X’Pert PRO Materials Research
Diffractometer (MRD) with Cu Kα radiation equipped with
a PIXcel3D detector with 255 × 255 pixels. ϕ-scans, 2θ-ω-
scans, as well as reciprocal space maps (RSM) and X-ray
reflectivity (XRR)-scans were measured. The aluminum con-
tent was determined by energy-dispersive X-ray spectroscopy
(EDX) with a Nova NanoLab 200 by FEI company. Due to the
strong depth sensitivity of EDX and the associated uncertain-
ties for samples produced on Ga2O3 templates, X-ray photo-
electron spectroscopy (XPS) measurements were conducted as
they are more surface sensitive. These measurements were per-
formed at the Humboldt-Universität zu Berlin, using a JEOL
JPS-9030 system with a base pressure of 2 × 10−9 mbar. A
monochromatized aluminum Kα X-ray source (1486.6 eV) was
used for excitation, yielding a setup resolution of about 0.6 eV.
For the determination of atomic concentrations, sensitivity fac-
tors provided by JEOL, which were corrected for the angular
asymmetry factors, were used (SO1s = 17.60, SGa2p3/2 = 94.42,
SAl2p = 2.82). A Shirley background was subtracted prior to peak area
determination. The samples were measured after introduction to the
system without further preparation. Transmission measurements to
determine the optical bandgap were conducted in a PerkinElmer
Lambda 19 spectrometer. To determine the thickness of the thin
films on c-sapphire, a J. A. Woollam M2000 ellipsometer was used.
The surface properties were determined employing a Park Systems
XE-150 atomic force microscope (AFM) in the noncontact mode.
III. STABILIZATION OF κ-(Al,Ga)2O3
To determine the growth window regarding growth pressure,
κ-(Al,Ga)2O3 thin films were grown on c-sapphire. The ellipti-
cally segmented target consists of (Al0.1Ga0.9)2O3 with an additional
admixture of 1 at. % SnO2 in the outer segment. To exclude the influ-
ence of the tin amount in the particle flux of the PLD plasma, the
radius of the PLD laser was kept constant such that a tin content of≈0.8 at. % Sn in the PLD plasma was achieved for all samples. A total
of 5000 pulses were applied for all thin films, resulting in film thick-
nesses of ≈110 nm for p(O2) = 3 × 10−4 mbar and ≈200 nm for p(O2)
= 0.01 mbar, respectively.
The crystal phase was determined from XRD 2θ-ω scans, as
shown in Figs. 1(a) and 1(b). A distinction between the β-phase
and κ-phase is observable comparing the peak positions and inten-
sities of the 2θ-ω diffraction pattern. The κ-phase is (001) oriented
and exhibits much higher intensities and narrower peaks compared
to the β-phase that occurs for pressures of p(O2) = 0.02 mbar and
higher. In the magnified view [Fig. 1(b)], the (4̄02) peak of the
β-phase is observed with low intensity prior to the (004) peak of the
κ-phase independent of the growth pressure. This may be due to the
formation of a thin β-(Al,Ga)2O3 layer between the substrate and
the κ-(Al,Ga)2O3 thin film as it has been observed and verified by
TEM measurements by Kracht et al. for ε-Ga2O320 grown by MBE.
The incorporation of aluminum, as determined by EDX and indi-
cated by the shift of the (004) and (006) peaks to higher angles (i.e.,
lower c-lattice constants) in the XRD 2θ-ω spectra, into the thin film
is strongly pressure dependent. For p(O2) = 0.01 mbar, the transfer
of aluminum from the target to the thin film is stoichiometric. For
lower pressures, the transfer is nonstoichiometric with up to double
the amount of aluminum incorporated into the thin film compared
to the aluminum content of the target [Fig. 1(b)]. Therefore, in low
pressure conditions, a favored Al-incorporation is present due to,
inter alia, the energetically favored aluminum–oxygen bond with a
bond dissociation energy of ED(Al–O) = 5.30(4) eV compared to the
lower dissociation energy of ED(Ga–O) = 2.95(65) eV for the gallium
oxide bond38 and the desorption of volatile Ga2O suboxides. If the
oxygen pressure is increasing, more gallium gets incorporated into
the thin film, and subsequently, the transfer becomes stoichiometric
which is also reflected by an increased growth rate. For even higher
oxygen pressures, it seems that the liquid tin layer on top of the thin
film, which may act as a surfactant,21 gets oxidized and crystallizes
in situ. Therefore, the β-phase forms as the tin supply is not sufficient
to maintain growth in the κ-phase.
To investigate the sole impact of aluminum in κ-(Al,Ga)2O3
thin films, the growth conditions were kept constant at p(O2) = 0.002
mbar and T ≈ 600 ○C and the variation of the aluminum content was
achieved by variation of the vertical position (rPLD) of the PLD laser
spot on the rotating target. A schematic depiction of the target and
the resulting laser track is shown in the inset of Fig. 1(c). For small-
est radii (rPLD < 4 mm), binary κ-Ga2O3 thin films will form. If rPLD
is large enough such that the PLD laser ablates the material from
the outside segment of the ellipse, aluminum is introduced to the
thin film and the aluminum content increases for increasing rPLD as
more material will be ablated from the target side with a high alu-
minum content. An analytical function to describe the evolution of
the thin film composition under variation of rPLD for stoichiometric
transfer from target to thin film is given by us in Ref. 37. However,
this model does not include nonidealities such as extended shape of
the laser spot and the imperfect elliptical form of the inner segment.
Therefore, simple Monte Carlo simulations were conducted to fur-
ther improve the accuracy of the modeling of the expected thin film
composition. As shown in Fig. 1(c), the model fits the dependence
of the composition for this technique nicely with a stoichiometry
transfer factor (i.e., the ratio between aluminum in the target and the
grown thin film) of 1.7 at a growth pressure of p(O2) = 0.002 mbar
and a growth temperature of T ≈ 600 ○C. The aluminum content was
calculated from EDX, XPS, and the expected linear dependency of
the c-lattice constant as a function of the aluminum content that has
been determined by XRD measurements. For this, the composition-
dependent c-lattice constants of layers with well-known aluminum
content as measured by EDX and XPS were fitted, and from the
fit parameters, the Al-contents of the other samples were deter-
mined. The exact dependency c(x) will be derived below. To com-
pare the growth of κ-Ga2O3 and the effects of aluminum to the well
investigated β-(Al,Ga)2O3 alloy system, the growth rates and alu-
minum contents for β- and κ-phase layers were measured [Fig. 1(d)].
For β-Ga2O3, the growth is strongly affected by volatile Ga2O
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suboxides whose formation is heavily influenced by growth pressure
and temperature leading to different film thickness and structural,
morphological, and electrical properties.39 If aluminum is intro-
duced to the growth process in oxygen rich conditions, the amount
of available oxygen is sufficient to fully oxidize both aluminum and
gallium. Hence, the desorption of gallium suboxides is low such that
stoichiometric transfer is observed [Fig. 1(d)]. If the oxygen offer
is now reduced, the gallium and aluminum atoms start to compete
over the available oxygen (metal rich conditions), and due to the
energetically favored Al–O bond, aluminum is preferably incorpo-
rated and the gallium suboxides are desorbed more often, which
results in lower growth rates for a fixed cation flux,40 as depicted
by red triangles in Fig. 1(d). For the case of an increasing Al/Ga ratio
in the cation flux at constant pressure in the oxygen-poor regime
[blue triangles in Fig. 1(d)], the varied cation ratio leads to a substitu-
tion of the gallium with aluminum in the growth process. Therefore,
the amount of desorbed gallium suboxides decreases which would
increase the growth rates if the aluminum content is increased with-
out a change in the total particle flux, but due to ablation of the laser
in the more aluminum rich area of the target, the absorption of the
laser radiation is less efficient due to the low absorption of Al2O3
in this energy range such that the total amount of ablated material
also decreases. This results in a lower total particle flux, which sub-
sequently leads to a decrease in growth rates. In result, both effects,
the increase in growth rate due to a reduction in gallium suboxides
and the decrease in the growth rate due to lower ablation rates in the
Al-rich segment, lead for the growth pressure of p(O2) = 0.002 mbar
to a nearly constant growth rate with increasing aluminum content
as demonstrated by experiment in Fig. 1(d). In contrast, for the κ-
phase, a decrease in growth rates is observed for higher aluminum
contents; therefore, it is assumed that the formation or desorption
of volatile Ga2O suboxides is suppressed and the trend is solely
determined by the lower ablation efficiency of the Al-rich target
segment due to lower absorption of the PLD laser radiation. These
findings support surfactant-mediated growth already proposed by
Kneiß et al.21 as the main mechanism of κ-Ga2O3 growth by
tin-assisted PLD.
IV. LATTICE CONSTANTS
To verify the κ-phase growth and to investigate its crystal-
lographic properties, XRD 2θ-ω and φ-scans were performed, as
shown in Figs. 2(a), 2(c), and 2(d). Due to the incorporation of
aluminum into the κ-Ga2O3 thin films, the (004) peaks visible in
the presented 2θ-ω scans [Fig. 2(a)] shift to higher angles with
increasing aluminum content which corresponds to decreasing c-
lattice constants in the orthorhombic crystal structure. This is as
expected due to the smaller ionic size of aluminum compared to
gallium. If no additional template was used, the (AlxGa1−x)2O3 thin
films crystallize in the κ-phase up to x ≈ 0.38 and no impurity
or mixed phases were detectable. For even higher aluminum con-
tents, only XRD amorphous thin films were obtained, indicating
amorphous or microcrystalline growth. However, for growth on
a κ-Ga2O3 template, the layers exhibit typical κ-phase reflections
without the occurrence of side phases up to x = 0.65. For higher
Al-contents, X-ray amorphous layers were obtained. Compared to
FIG. 2. (a) Typical XRD 2θ-ω scan of
(AlxGa1−x )2O3 thin films with variable x
as indicated on c-sapphire (x ≤ 0.38)
and κ-Ga2O3 templates (x > 0.38). Kβ
denotes reflections due to Kβ radia-
tion. No mixed phase is visible. The κ-
(AlxGa1−x )2O3 (004) peak shifts clearly
to higher angular positions with increas-
ing aluminum content. (b) Evolution of
the c-lattice constant as calculated from
the κ-(AlxGa1−x )2O3 (004), (006), (008),
and (0010) peak positions. In the inset,
the FWHM (full width at half maximum)
of the κ-(Al,Ga)2O3 (004) peak for var-
ious Al-contents is shown for thin films
with ≈250 nm thickness on a κ-Ga2O3
template. (c) Typical XRD 2θ-ω scans of
κ-(AlxGa1−x )2O3 grown on the indicated
different substrates or templates, in the
vicinity of the κ-Ga2O3 (004) peak. (d)
Typical XRD φ-scans of MgO-buffered
κ-(Al0.17Ga0.83)2O3 thin films confirm epi-
taxial growth in three rotational domains.
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κ-(AlxGa1−x)2O3 thin films grown by MCVD on AlN templates
produced on c-sapphire with a maximum aluminum content36 of
x = 0.395, these results display a significant increase in the maxi-
mum amount of incorporated aluminum. For β-(AlxGa1−x)2O3 thin
films, a maximum phase pure aluminum content of x ≈ 0.6 was
observed41,42 until impurity phases occurred. Therefore, the maxi-
mum aluminum incorporation limit does not seem to depend on
the respective Ga2O3 phase.
The XRD 2θ-ω full width at half maximums (FWHMs) of the
κ-(AlxGa1−x)2O3 (004) peak are depicted in the inset of Fig. 2(b). For
thin films grown on a κ-Ga2O3 template, no distinct dependence
on x is observable and the crystalline quality stays on a very high
level for all aluminum contents and are on par to κ-Ga2O3 layers
grown by PLD within our group.21 The deposition on c-sapphire and
STO(111):Nb substrates as well as on MgO(111) and κ-Ga2O3 tem-
plates resulted in thin films with three rotational domains as shown
for MgO(111) templates as an example in Fig. 2(d). The correspond-
ing in-plane lattice mismatch of κ-Ga2O3 compared to the employed
substrate and template materials was calculated by Kneiß et al.21
The c-lattice constant was calculated utilizing the position of
the XRD-(004), (006), (008) and (0010) κ-(Al,Ga)2O3 peaks to com-
pensate the goniometer error. It is linearly decreasing with x in
agreement with Vegard’s law across the whole range of incorporated
aluminum. For thin films grown on STO(111):Nb, no significant
difference in the c-lattice constant is observable compared to thin
films produced on c-sapphire hinting at relaxed growth. Similarly,
the deposition on MgO and κ-Ga2O3 templates has no impact on the
c-lattice constant compared to layers on c-sapphire [Fig. 2(c)]. The
c-lattice constants for the layers on c-sapphire as well as on the
κ-Ga2O3 templates were fitted linearly as shown in Fig. 2(b), deliv-
ering the following relationship:
c(x)(Å) = (9.274 ± 0.004) − (0.328 ± 0.010) ⋅ x. (1)
V. GROWTH ANALYSIS
To gain a deeper insight into the growth of the thin films, recip-
rocal space maps (RSM) of κ-(AlxGa1−x)2O3 layers on c-sapphire
and κ-Ga2O3 template in the vicinity of the (139) κ-Ga2O3 and
(11.12) c-sapphire reflection were measured. Figures 3(a) and 3(b)
show the RSMs of samples with the κ-Ga2O3 template. A domi-
nant broadening in q∥ is present and might be due to the small
lateral domain size of the crystallites.20 The peak positions of all
investigated κ-(AlxGa1−x)2O3 (139) thin film reflections are plot-
ted in Fig. 3(d) in reciprocal space coordinates. If the trend evolved
along the dashed line parallel to q at the κ-Ga2O3 peak position,
the thin films would have been pseudomorphically strained on the
κ-Ga2O3 template. The evolution of these peak positions, however,
follows the tilted line which represents the extrapolated linear con-
nection between the origin of the coordinate system in reciprocal
space and the position of the κ-Ga2O3 (139) peak. This behavior
corresponds to fully relaxed growth for all investigated aluminum
contents for the alloy layers grown on κ-Ga2O3 template as well as
on c-sapphire. For aluminum contents x ≥ 0.38, the broadening is
tilted, which indicates increasing tilt mosaicity of the crystallites of
the epilayer. Epitaxial growth is confirmed for all aluminum con-
tents since the asymmetric peaks of the Al2O3 (11.12) substrate,
κ-Ga2O3 (139) template, and κ-(Al,Ga)2O3 (139) are observable at
the same φ-position the RSMs were measured. For corroboration
whether the in-plane lattice constants follow Vegard’s law, the in-
plane distances d130 were determined for all samples by evaluating
the q∥-position of the κ-(Al,Ga)2O3 (139) reflection. The positions
of the peaks were corrected to literature values of Al2O3 utilizing the
JCPDS 82-1399 sheet. As shown in Fig. 3(c), the in-plane distances
decrease almost linearly for the thin films on κ-Ga2O3 template. The
corresponding relationship is given for layers grown on c-sapphire
and the κ-Ga2O3 template, as displayed in Fig. 3(c). Unexpectedly,
relaxed growth is observed even for the lowest investigated alu-
minum contents of x = 0.10. For these thin films, the in-plane lat-
tice mismatch compared to the κ-Ga2O3 template is approximately
0.3%. This circumstance may be due to the large thickness of the
thin film of approximately 150 nm–200 nm. Investigations of the
strain relaxation of GaN/AlGaN heterostructures suggest a criti-
cal thickness of ≈100 nm for similar mismatches.43,44 Therefore,
pseudomorphic growth seems feasible for structures with smaller
FIG. 3. Reciprocal space maps in the
vicinity of the κ-Al2O3 (11.12) peak of
κ-(AlxGa1−x )2O3 thin films on κ-Ga2O3
template with x = 0.21 (a) and x = 0.47
(b). Epitaxial growth is observed for all
compositions. All measured RSMs for
thin films on c-sapphire and κ-Ga2O3
template can be found in the supple-
mentary material. (c) Evolution of the in-
plane d-spacing d130 for thin films on
c-sapphire and κ-Ga2O3 template. The
purple line represents the linear fit of the
data for thin films grown on c-sapphire
and κ-Ga2O3. (d) Positions of the
κ-(AlxGa1−x )2O3 (139) reflection peaks
for thin films produced on κ-Ga2O3 tem-
plate and on c-sapphire in reciprocal lat-
tice units. The corresponding aluminum
contents of the layers evolve as indicated
by the purple arrow.
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layer thicknesses, for example in quantum well heterostructures or
superlattices.
VI. SURFACE PROPERTIES
The surface properties of κ-(Al,Ga)2O3 thin films on c-sapphire
and STO(111):Nb substrates and MgO as well as κ-Ga2O3 tem-
plates were determined by AFM measurements, as depicted in Fig. 4.
All samples were deposited under similar growth conditions, and
the aluminum content was x ≈ 0.17. For all investigated sam-
ples, the surfaces are very smooth; however, κ-(AlxGa1−x)2O3 lay-
ers exhibit the smoothest surfaces on c-sapphire and STO(111):Nb
substrates and MgO template. Even though the crystalline qual-
ity and the range of incorporated aluminum is the highest for κ-
Ga2O3 buffered layers, the surface roughness of these thin films is
the highest, which could also be due to the larger total thin film
thickness. In terms of surface morphology, layers on MgO tem-
plates and STO(111):Nb substrates reveal small grains with sizes of≈50 nm. For c-sapphire, the grain size increases slightly to ≈100 nm
and reaches values of about 150 nm for layers on κ-Ga2O3 tem-
plates. The larger grain size of layers on the Ga2O3 buffer results in
the higher surface roughness. If the aluminum content is increased
while keeping the growth conditions constant, the surface rough-
ness displays no coherent trend for layers on c-sapphire. As it was
in case of the FWHM of the XRD κ-(AlxGa1−x)2O3 (004) reflec-
tion, the roughness of κ-Ga2O3 buffered κ-(AlxGa1−x)2O3 thin films
exhibits no significant aluminum dependence and values of Rq ≈ (1.4± 0.3) nm were measured, which are comparable to values of binary
κ-Ga2O3 thin films21 and more likely correlated with the grain
size.
VII. OPTICAL PROPERTIES
To estimate the bandgap energies, transmission spectroscopy
measurements were conducted on samples deposited on c-sapphire.
For layers grown on κ-Ga2O3 template, only the absorption of the
template layer would be detected and were therefore not inves-
tigated. Hence, the range of investigated aluminum contents is
restricted by this measurement method to a maximum of x = 0.38.
The obtained data of the direct bandgaps are presented in Fig. 5, and
a linear increase is observed without obvious bandgap bowing for
all investigated aluminum contents. A linear fit gives the following
empirical relationship:
Eg(x)(eV) = (4.91 ± 0.03) + (2.27 ± 0.02) ⋅ x. (2)
The range for bandgap engineering therefore is from 4.9 eV to
5.8 eV. These values are in good agreement with literature values
for the aluminum κ-phase alloy36 and are also surprisingly similar to
literature data on the monoclinic alloy system.5 However, for sam-
ples grown on the κ-Ga2O3 template, even higher bandgap values are
expected if Eq. (2) is extrapolated to the highest aluminum content
of x = 0.65, increasing the range of bandgap engineering to 6.4 eV. In
combination with κ-(InxGa1−x)2O3, this enables bandgap engineer-
ing with total band offsets corresponding to photon energies up to
the green part of the visible spectrum with a total energy range of
2.2 eV (4.2 eV–6.4 eV).34
FIG. 4. (a) AFM surface morphology scans of an area of
2 μm × 1 μm of κ-(Al0.17Ga0.83)2O3 thin films on var-
ious templates or substrates as indicated. (b) Root-
mean squared surface roughness in dependence on
the aluminum content. The surface morphology remains
unchanged upon aluminum content variation and is there-
fore not depicted here.
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FIG. 5. Dependence of the bandgap estimated by transmission spectroscopy mea-
surements on Al-contents up to x = 0.38. The dashed, gray line represents the
extrapolation of the linear fit up to the highest aluminum content stabilized in κ-
phase of x = 0.65. The (αd)2 absorbance spectrum is shown in the inset for three
samples exemplary with linear extrapolations to zero absorption to estimate the
bandgap energy.
VIII. CONCLUSION
In this report, the growth of phase-pure, high-quality κ-
(AlxGa1−x)2O3 thin films by PLD is demonstrated. By utilizing ellip-
tically segmented targets (VCCS-PLD), we were able to fabricate
all investigated samples with only two targets. For layers grown
on c-sapphire, aluminum contents up to x = 0.38 were achieved.
The application of an additional κ-Ga2O3 template increased the
range significantly up to x = 0.65. Additionally, the growth on
STO(111):Nb substrates and MgO(111) templates was investigated
and showed comparable results to thin films on c-sapphire.
For all samples, epitaxial growth on all investigated substrate
materials and template layers was verified. RSM measurements of
κ-(AlxGa1−x)2O3 layers on c-sapphire as well as κ-Ga2O3(001) tem-
plate layers confirm relaxed growth for all aluminum contents. The
in- and out-of-plane lattice constants obey Vegard’s law.
Investigations of growth rates in regimes with constant growth
conditions or constant aluminum amount at the target suggest that
the formation or desorption of Ga2O suboxides is suppressed for
the growth of κ-Ga2O3. Surfactant-mediated epitaxy as likely growth
mechanism was already proposed by our group and is in line with
the current experimental results.21
The surface morphology was investigated, and smooth surfaces
(Rq ≈ 1.4 nm) independent of the aluminum content were veri-
fied. Therefore, it is concluded that the aluminum incorporation
has no noteworthy impact on structural and morphological prop-
erties of nanocrystalline κ-(AlxGa1−x)2O3 thin films. These results
show that κ-(Al,Ga)2O3 is suitable for the growth of high-quality
heterostructures in the κ-(Al,Ga)2O3 alloy system as long as the
properties remain unchanged upon growth in non-nanocrystalline
regimes. Therefore, it might be a promising choice as a barrier
layer in heterostructure devices acting complementary to the κ-
(InxGa1−x)2O3 alloy as active quantum-well material. Exploiting the
predicted high spontaneous polarization the formation of 2DEGs
by polarization doping may be feasible at κ-Ga2O3/κ-(AlxGa1−x)2O3
heterointerfaces.
The optical bandgap values are in good agreement with liter-
ature values.36 The measurements performed for thin films up to
x = 0.38 and bandgaps up to 5.8 eV were measured with expected
values up to 6.4 eV. In combination with κ-(InxGa1−x)2O3 layers,
values from 4.2 eV34 to 6.4 eV are expected, extending the range
of band offsets in heterostructures into the green part of the visible
spectrum.
These results support the promising prospects of κ-Ga2O3 and
its alloys in solar-blind infrared detectors or high electron mobility
transistors. However, for that, the growth of conductive κ-Ga2O3 by
PLD, the suppression of rotational domains, and the high-quality
growth of more sophisticated heterostructures such as superlattices
should be tackled.
SUPPLEMENTARY MATERIAL
See the supplementary material for additional reciprocal space
map measurements and XRD 2θ-ω scans.
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FIG. 1. Reciprocal space maps of κ-(Al,Ga)2O3 thin films on κ-Ga2O3 template with aluminum contents as
indicated in the vicinity of the κ-Ga2O3 (139) reflection. The mosaicity increases with increasing aluminum




FIG. 2. Reciprocal space maps of κ-(Al,Ga)2O3 thin films on c-sapphire with aluminum contents as indi-
cated in the vicinity of the κ-(Al,Ga)2O3 (139) reflection.
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FIG. 3. XRD 2θ -ω-scan of κ-(AlxGa1−x)2O3 thin films on conductive STO(111):Nb substrates up to
x = 0.29. For aluminum contents of x ≥ 0.40 the thin film peaks vanish, indicating X-ray amorphous
growth.
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ABSTRACT: Conduction and valence band offsets are among the most
crucial material parameters for semiconductor heterostructure device design,
such as for high-electron mobility transistors or quantum well infrared
photodetectors (QWIP). Because of its expected high spontaneous electrical
polarization and the possibility of polarization doping at heterointerfaces
similar to the AlGaN/InGaN/GaN system, the metastable orthorhombic κ-
phase of Ga2O3 and its indium and aluminum alloy systems are a promising
alternative for such device applications. However, respective band offsets to
any dielectric are unknown, as well as the evolution of the bands within the
alloy systems. We report on the valence and conduction band offsets of
orthorhombic κ-(AlxGa1−x)2O3 and κ-(InxGa1−x)2O3 thin films to MgO as
reference dielectric by X-ray photoelectron spectroscopy. The thin films with compositions xIn ≤ 0.27 and xAl ≤ 0.55 were grown by
pulsed laser deposition utilizing tin-doped and radially segmented targets. The determined band alignments reveal the formation of a
type I heterojunction to MgO for all compositions with conduction band offsets of at least 1.4 eV, providing excellent electron
confinement. Only low valence band offsets with a maximum of ∼300 meV were observed. Nevertheless, this renders MgO as a
promising gate dielectric for metal−oxide−semiconductor transistors in the orthorhombic modification. We further found that the
conduction band offsets in the alloy systems are mainly determined by the evolution of the band gaps, which can be tuned by the
composition in a wide range between 4.1 and 6.2 eV, because the energy position of the valence band maximum remains almost
constant over the complete composition range investigated. Therefore, tunable conduction band offsets of up to 1.1 eV within the
alloy systems allow for subniveau transition energies in (AlxGa1−x)2O3/(InxGa1−x)2O3/(AlxGa1−x)2O3 quantum wells from the
infrared to the visible regime, which are promising for application in QWIPs.
KEYWORDS: κ-Ga2O3, PLD, energy-level alignment, band offsets, X-ray photoelectron spectroscopy
■ INTRODUCTION
The wide band gap semiconductor Ga2O3 triggered enormous
research efforts in recent years regarding potential device
applications in power electronics and sensing. This is due to its
large band gap of 4.5−5.1 eV and consequently its large
predicted electric breakdown field of about 8 MV/cm in the
monoclinic modification, surpassing that of established
materials such as SiC or GaN.1 The availability of commercial
2″, and recently also 4″, single-crystal β-Ga2O3 wafers grown
from a melt stimulated these efforts additionally, and several
reviews dealt with the application of the thermodynamically
stable monoclinic β-phase.1−4 However, in the last years,
growing interest in the metastable phases of Ga2O3 emerged.
Especially, the frequency of reports on the orthorhombic
κ-modification (sometimes also referred to as ε-Ga2O3) is
rapidly increasing lately. Among the polymorphs of Ga2O3, this
is the only crystalline phase expected to exhibit a spontaneous
electrical polarization along its c-direction that is predicted to
surpass even the one of GaN by 1 order of magnitude
(23 μC/cm2).5−8 The latter is the reason for the tremendously
increasing interest in this phase. The GaN, AlGaN, and InGaN
system is already established for applications such as high
electron mobility transistors (HEMT)9,10 or quantum well
infrared photodetectors (QWIPs)11 that utilize two-dimen-
sional electron gases (2DEGs) as the active layer of the device.
Such 2DEGs feature both high carrier densities and mobilities
and can be realized in the GaN system solely by polarization
doping, that is, polarization differences at the interface of
GaN/AlGaN or GaN/InGaN heterostructures cause polar-
ization charges that result in band bending, localizing the
2DEG. The same then holds true for the orthorhombic
modification of Ga2O3 only with even higher expected sheet
charge carrier densities at the interfaces to κ-(InxGa1−x)2O3 or
κ-(AlxGa1−x)2O3. HEMT structures and quantum wells
containing 2DEGs are also possible in the monoclinic
modification.12−17 However, they always require a delta-
doped layer containing, for example, Si that needs to be
carefully designed in both concentration and distance to the
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heterointerface of the alloy system.12−14,16 These complica-
tions would not be necessary in the orthorhombic
modification.
The κ-phase of Ga2O3 has already been reported as a thin
film deposited by several different methods, including pulsed
laser deposition (PLD),18−25 halide vapor-phase epitaxy,26,27
metal−organic chemical vapor deposition,28−33 metal−organic
vapor-phase epitaxy,34−37 mist chemical vapor deposition (mist
CVD),38−42 molecular beam epitaxy (MBE),43,44 and others.
Recently, one report even achieved conductive doping of this
phase by Si or Sn incorporation, which is necessary for a
variety of device applications.36 However, in PLD and MBE
growth, tin is necessary as a catalyst to stabilize the
orthorhombic modification at all but is not incorporated in
the thin-film layer as an active donor element.18−20,23−25,44
Further, several reports already deal with the alloying of this
phase with indium23,25,38 or aluminum24,40 in a broad
composition range, including band gap engineering and the
evolution of lattice constants. However, other crucial alloy
properties for 2DEG device design are up to this day mostly
unknown, the most critical ones are the evolution of the
electrical polarization upon In or Al incorporation as well as
band offsets for the design of both HEMT devices as well as
quantum well heterostructures. To the best of the authors
knowledge, only one report deals with band offsets in the
κ-(AlxGa1−x)2O3 system for mist CVD-grown layers that were
determined by X-ray photoelectron spectroscopy (XPS)
measurements in a limited composition range.40
This report seeks to fill this fundamental gap both in the In-
and in the Al-alloy system of the orthorhombic modification, at
least with respect to the band offsets. For this, phase pure thin
films of κ-(InxGa1−x)2O3 and κ-(AlxGa1−x)2O3 in a broad
composition range (xIn ≤ 0.27 and xAl ≤ 0.55) were grown on
κ-Ga2O3 buffer layers on c-sapphire substrates by vertical
continuous composition spread PLD (VCCS PLD).45 As a
reference dielectric, MgO(111) layers with less than 10 nm
thickness were deposited onto the alloy layers by PLD. The
band gaps of the alloy layers as well as the valence and
conduction band offsets to MgO were determined by XPS.
MgO was found to provide excellent carrier confinement in the
conduction band, forming heterostructures of type I in the
complete composition range (ΔEc > 1.4 eV). However, only
small valence band offsets can be realized. Heterostructures of
the alloy systems are therefore expected to form type I
interfaces as well, where the changing band gap mainly causes a
tunable shift in the conduction band offset with a flat evolution
of the valence band edges. These results render the
orthorhombic modification promising for heterostructure
device applications.
■ METHODS
Sample Preparation. The investigated κ-(InxGa1−x)2O3 and
κ-(AlxGa1−x)2O3 layers, as well as the κ-Ga2O3 growth template and
the MgO dielectric layer, were grown by PLD. To vary the
composition of the alloy layers, radially segmented targets were
employed, and the respective layers were grown from these targets
utilizing VCCS PLD. This technique, originally intended to realize
composition gradients in growth direction of a thin-film layer, is also
able to produce laterally homogeneous alloy layers with any well-
defined cation ratio to perform a discrete compositional screening.
The variation and control of the alloy composition is accomplished by
the respective fixed radial position r of the PLD laser spot on the
employed elliptically segmented target. A detailed description of this
technique can be found in ref 45. The targets were either
homogeneous Ga2O3 + 1 wt % SnO2 or MgO targets for the κ-
Ga2O3 template layer or the MgO dielectric layer, respectively. The
elliptically segmented target for the κ-(InxGa1−x)2O3 alloy layers was a
(In0.4Ga0.6)2O3/Ga2O3 target with an additional 1.5 at. % SnO2 in
each segment and for the κ-(AlxGa1−x)2O3 alloy layers a
(Al0.4Ga0.6)2O3/Ga2O3 or a (Al0.2Ga0.6)2O3/Ga2O3 target with an
additional 2 at. % SnO2 in each segment for both targets was
employed, respectively. The exact target geometries can be found in
refs 24, 25, and 45. The presence of tin is necessary to facilitate the
growth of the Ga2O3-based layers in the metastable orthorhombic
modification for the PLD deposition method.18−20,23 However, no
significant amount of tin is incorporated during growth, such that this
species only serves as a surfactant or catalyst to stabilize the κ-phase
and not as a dopant. The target powders (all Alfa Aesar) In2O3
(99.994% purity), Al2O3 (99.997% purity), Ga2O3 (99.999% purity),
SnO2 (99.9% purity), and MgO (99.998% purity) were ball-milled,
cold-pressed, and sintered in air at ∼1650 °C for 6 h (MgO), 1550 °C
for 72 h ((In,Ga)2O3), or 1350 °C for 72 h ((Al,Ga)2O3 and Ga2O3)
in the respective mixture and segmentation. The PLD system employs
a KrF excimer laser (Coherent LPX Pro 305 F) operating at 248 nm
wavelength and 650 mJ pulse energy. The laser is focused to a size of
∼2 × 6.5 mm2, resulting in an energy density of ∼2.6 J/cm2 at the
target surface. A detailed description of the PLD setup can be found
in refs 46 and 47. All samples and layers were deposited on c-sapphire
substrates (Crystec) at a laser repetition rate of 10 Hz. The oxygen
partial pressure and the growth temperature were set to 0.006 mbar
and ∼620 °C for the samples containing κ-(InxGa1−x)2O3 layers and
0.002 mbar and ∼620 °C for the samples with κ-(AlxGa1−x)2O3 layers,
respectively. The κ-(InxGa1−x)2O3 alloy layers were grown on a
κ-Ga2O3 template layer for which 15000 laser pulses were applied on
the binary target resulting in a buffer thickness of ∼500 nm, while for
the κ-(AlxGa1−x)2O3 samples, only 10000 pulses were used for the
growth template (thickness ∼300 nm). For all subsequent alloy layers,
10,000 pulses were applied to the elliptically segmented targets
resulting in alloy layer thicknesses in the range of 150−600 nm
depending on the exact composition. A detailed investigation on the
growth of the orthorhombic binary as well as alloy thin-film layers can
be found in refs 18, 24, and 25. The composition of the alloy layers
varied between xIn = 0−0.27 and xAl = 0−0.55 by the radial position r
of the PLD laser spot on the target surface. For the MgO dielectric
layers on the κ-(InxGa1−x)2O3 samples, a total of 1500 pulses was
applied (layer thickness ∼7.5 nm) at an oxygen partial pressure of
0.006 mbar and a temperature of ∼620 °C. These layers were grown
in situ after the deposition of the alloy layer. The MgO layers on the
κ-(AlxGa1−x)2O3 samples were deposited with a total of 1000 pulses
(layer thickness ∼5 nm) at an oxygen partial pressure of
3 × 10−4 mbar and a temperature of ∼400 °C. For these, all κ-
(AlxGa1−x)2O3 samples were deposited with a vacuum break in the
PLD chamber in a different growth process. The growth of the alloy
layers purely in the orthorhombic modification was confirmed by X-
ray diffraction (XRD) 2θ−ω scans, where a PANalytical X’pert PRO
MRD diffractometer with Cu Kα radiation, using a parabolic mirror
and a PIXcel3D detector, was employed. Typical XRD scans can be
found in Supporting Information Figure S1.
Photoelectron Spectroscopy. XPS measurements were per-
formed at Humboldt-Universitaẗ zu Berlin, using a JEOL JPS-9030
setup with a base pressure of 3 × 10−9 mbar, employing the Kα
radiation of a non-monochromated Al X-ray source (hv = 1486.6 eV)
for excitation and a hemispherical analyzer to detect the kinetic
energy of the emitted electrons. The samples were measured without
further surface treatment. The C 1s core level was set to 248.8 eV
binding energy for reference.
■ RESULTS
Elemental Composition. While the sampling depth of
techniques such as energy-dispersive X-ray spectroscopy
(EDX) or Rutherford backscattering is too large to reliably
analyze the elemental composition of κ-(Al,In)xGa2−xO3 thin
films epitaxially grown on κ-Ga2O3 templates, XPS is perfectly
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suited for that purpose.48 The sampling depth of this technique
is only a couple of nanometers, allowing for a reliable
determination of the film composition on substrates containing
the same elements. Representative survey spectra of
AlxGa2−xO3 and InxGa2−xO3 are shown in Supporting
Information Figure S2. Besides gallium, oxygen, aluminum,
indium, and adventitious carbon, a small tin signal could also
be observed, stemming from the Sn surfactant layer needed to
trigger the growth in the κ-phase.18 A determination of the Al
content was done by analyzing the area of Ga 2p3/2 and the
area of the Al 2p core levels after Shirley background
subtraction, using sensitivity factors of SGa 2p3/2 = 71.2 and
SAl 2p = 2.3. The corresponding spectra are shown in
Supporting Information Figure S3. The In content was more
directly determined by fitting the Ga 3d and the In 4d core-
level spectra as shown in Figure 1. Because the kinetic energies
of these core levels are very similar, uncertainties due to
different electron mean-free paths are eliminated. For the
determination of the In content, the sensitivity factors of SGa 3d
= 4.7 and SIn 4d = 9.8 were employed. Doublet splittings of 0.46
and 0.88 eV were used for the Ga 3d and In 4d doublets,
respectively. Here again, a small contribution from the Sn
surfactant layer can be seen as the Sn 4d core level. All In and
Al contents are summarized in Supporting Information Table
1.
Valence Band Offset Determination. For the determi-
nation of valence band offsets by XPS, one employs the fact
that the energy difference between the valence band maximum
and a core level is constant for a given material. Therefore, by
determining this difference for two pristine materials, one can
determine the valence band offset between both materials in a
heterostructure by measuring the core-level binding energy of
both materials. In our case, we used the Mg 1s core level of
MgO and the Ga 2p3/2 core level of ([Al,In]xGa1−x)2O3. The
employed energy levels are schematically shown for the
Ga2O3/MgO interface in Figure 2. From these, one can
determine the VB offset ΔEV of the materials as follows49
Δ = Δ − −
+ −




V CL Ga 2p
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x x x x
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Here, ΔECL is the binding energy difference between the Ga
2p3/2 and the Mg 1s core levels measured at the
heterostructure and the energies in brackets are the respective
binding energies of the pristine materials. The corresponding
core level and the valence band spectra are shown for MgO
and exemplarily for Ga2O3 in Figure 3. The core-level positions
were determined by fitting with a Voigt peak after Shirley
background subtraction (uncertainty ≈ ±25 meV), and the VB
onsets were determined from linear extrapolation of the
leading edge to the background (uncertainty ≈ ±75 meV), as
indicated by the two red lines in Figure 3b,d. The binding
energy of all spectra was referenced to the C 1s signal of
adventitious carbon, set to 248.8 eV. However, it should be
noted that only the energy difference plays a role for the VB
Figure 1. Fits of the Ga 3d and In 4d core-level region for different In
contents. The In content is determined by comparing the area of the
In 4d and the Ga 3d peaks. A small Sn 4d signal is present due to the
tin surfactant layer.
Figure 2. Schematic energy-level diagram, demonstrating the energies
used to determine the VB offsets ΔEV.
Figure 3. Exemplary core-level and valence band spectra of Ga2O3
(a,b) and MgO (c,d). The core-level position is determined after
Shirley background correction and fitting with a Voigt peak. The
valence band onset is determined from a linear extrapolation of the
leading edge to the background, as indicated by the two red lines. The
two peaks in the Ga2O3 VB spectrum at 8 and 10 eV binding energy
are satellites from the Ga 3d core level because of the non-
monochromated X-ray excitation.
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offset determination, but not the absolute energy position. The
measured core-level binding energies, valence band onsets, and
the thereby calculated valence band offsets are summarized in
Table 1 in the Supporting Information for all In and Al
contents.
Band Gap Determination from XPS. It has been
demonstrated that the band gap of wide band gap materials
can be obtained from XPS measurements, by analyzing the
onset of the inelastic background at the high binding energy
side of a strong core-level peak.50−52 This is because the
energetically lowest inelastic scattering that a photoelectron
can experience on its way to the surface is the excitation of an
electron from the valence band to the conduction band.
However, the probability for this scattering event is low and
therefore the intensity of the inelastic background as well,
which makes prolonged acquisition time necessary for an
adequate signal-to-noise ratio. For the band gap determination
in this study, we used the O 1s core level, as exemplarily shown
in Figure 4a for Al0.72Ga1.28O3. However, it should be noted
that in principle, every core level could be used for this
purpose. Figure 4b shows a zoom into the background region
of the O 1s core level, as indicated by the black box in
Figure 4a. The x-axis here is the relative binding energy with
respect to the O 1s peak position. A linear extrapolation of the
onset of the inelastic background to the constant background
gives a band gap of 5.7 eV in the case of Al0.72Ga1.28O3. The
determined band gap values for all In and Al compositions are
summarized in Supporting Information Figure S4 and are in
agreement with the recently determined values from trans-
mission spectroscopy.24,25 It should be mentioned that for
higher In contents, the band gap determined by this method
might be overestimated, as the onset of the inelastic
background and the core-level peak start to partially overlap,
making a determination of the constant background difficult.
For MgO, the band gap determination was a bit more involved,
as the O 1s peak consisted of two components [see Supporting
Information Figure S5a)]. One at 532.28 eV, which can be
attributed to Mg bound to −OH groups at the surface.53−56
Referencing the inelastic background onset to this peak would
lead to a severe underestimation of the band gap. A second
peak at 530.42 eV can be attributed to Mg bound to bulk
oxygen. Referenced to this peak, the inelastic background onset
yields a band gap of 7.7 eV, in good agreement with the
literature.57,58
■ DISCUSSION
The measured band positions of κ-([Al,In]xGa1−x)2O3 with
respect to the MgO bands are summarized for all measured In
and Al contents in Figure 5. The CB values as calculated from
band gaps determined by transmission experiments23,24 are
shown for comparison as well and are in good agreement. We
find that both κ-(AlxGa1−x)2O3 and κ-(InxGa1−x)2O3 form a
type I heterostructure with MgO. Conduction band offsets of
at least 1.4 eV for all compositions provide excellent carrier
confinement for electrons exceeding the required 1 eV
recommended in the literature for MOS transistors.59 The
magnitude of these offsets is similar to those of established
dielectrics such as SiO2, Al2O3, HfO2, or HfSiO4 to various
other polymorphs of the (AlxGa1−x)2O3/(InxGa1−x)2O3 alloy
systems.60−62 Therefore, this material might be a promising
alternative to these established gate dielectrics in HEMT or
other field-effect transistor applications based on Ga2O3, as
also recently suggested for the monoclinic modification.63 The
valence band offsets are comparably small, and no correlation
could be found between the offset magnitude and the Al or In
content. A much weaker change in the valence band offset
compared to the evolution of the conduction band has also
been found for mist-CVD grown κ-(AlxGa1−x)2O3 films.
Notably, a similar trend in the valence band offsets has also
already been observed for other polymorphs of the alloy
systems, such as the monoclinic β-as well as cubic
γ-(AlxGa1−x)2O3 alloy
60 and the (InxGa1−x)2O3 alloy in
Figure 4. (a) O 1s core-level spectrum of Al0.72Ga1.28O3. The O 1s
peak position is at 530.37 eV binding energy. (b) Zoom into the
inelastic background region marked in (a). The distance of the onset
of the inelastic background, as determined from linear extrapolation as
marked in red, to the O 1s core-level position corresponds to the band
gap of the material, which is 5.7 eV in this case.
Figure 5. Summary of the energy levels at the (a) (InxGa1−x)2O3/
MgO interface and (b) at the (AlxGa1−x)2O3/MgO interface as
determined from XPS (red) and transmission23,24 (blue) measure-
ments. The measured energy levels render the (AlxGa1−x)2O3/
(InxGa1−x)2O3/(AlxGa1−x)2O3 a promising heterostructure for
quantum wells.
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monoclinic or X-ray amorphous modification.64 DFT calcu-
lations further predicted the same flat evolution of the valence
band maximum, both for the monoclinic β-phase and the
rhombohedral α-phase of the (AlxGa1−x)2O3 alloy in the
complete composition range between Ga2O3 and Al2O3 in the
respective modification.65 This behavior therefore might not
be an exclusive property of the orthorhombic modification but
seems to be the case for all known modifications of the alloy
phases of Ga2O3. However, there are also reports on band
offsets of SiO2 or HfO2 to β-(AlxGa1−x)2O3 thin films, where
the valence band offsets are changing much more drastically
over a similar composition range of up to 53 at. %
aluminum.59,62 One might therefore be cautious when
comparing band offsets in literature even for identical
dielectric/semiconductor combinations. Looking at the energy
position, one can assume that (AlxGa1−x)2O3/(InxGa1−x)2O3/
(AlxGa1−x)2O3 in the orthorhombic modification could render
a promising heterostructure for quantum wells with
applications as QWIPs or even in HEMT structures. Subniveau
transition energies in the conduction band of QWs can
therefore be tuned up to a value of 1.1 eV such that detectable
wavelengths from the far infrared (IR) up to the visible might
be covered by QWIPs in the investigated composition range.
■ CONCLUSIONS
In summary, by XPS measurements, we determined band
offsets as well as band gaps of the ([Al,In]xGa1−x)2O3 alloy
system in the metastable orthorhombic modification over a
broad composition range of up to xIn ≤ 0.26 and xAl ≤ 0.55.
The corresponding thin films were grown by pulsed laser
deposition. The employed reference dielectric MgO forms a
type I heterostructure to the alloy thin films for all investigated
compositions and provides excellent electron confinement with
conduction band offsets of at least 1.4 eV. However, valence
band offsets of only up to 0.3 eV were determined, such that
hole confinement might be an issue. This report is to date the
most conclusive investigation on band offsets of the alloy
systems in the widest range of compositions for the metastable
orthorhombic modification of Ga2O3. Our results render this
material a promising alternative as gate dielectric for
([Al,In]xGa1−x)2O3 MOS structures, where typically electrons
are the majority charge carriers because p-type doping seems
not to be feasible in Ga2O3. We further found a negligible
change in the energy position of the valence band maximum of
the alloy layers with increasing aluminum or indium content,
such that the conduction band offsets are mainly determined
by the evolution of the band gap. A maximum value of this
offset of 1.1 eV in combination with the expected polarization
jumps at heterointerfaces and the possibility of polarization
doping renders the alloy systems in the orthorhombic
modification a promising alternative for applications as
heterostructures in QWIPs or HEMTs. Especially in QWIPs,
this would allow for tunable transition energies from the IR to
the visible spectral range.
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F.; Cora, I.; Pećz, B.; Boschi, F.; Parisini, A.; Baraldi, A.; Ferrari, C.;
Gombia, E.; Bosi, M. Thermal Stability of ε-Ga2O3 Polymorph. Acta
Mater. 2017, 140, 411−416.
(31) Mezzadri, F.; Calestani, G.; Boschi, F.; Delmonte, D.; Bosi, M.;
Fornari, R. Crystal Structure and Ferroelectric Properties of ε-Ga2O3
Films Grown on (0001)-Sapphire. Inorg. Chem. 2016, 55, 12079−
12084.
(32) Boschi, F.; Bosi, M.; Berzina, T.; Buffagni, E.; Ferrari, C.;
Fornari, R. Hetero-Epitaxy of ε-Ga2O3 Layers by MOCVD and ALD.
J. Cryst. Growth 2016, 443, 25−30.
(33) Xia, X.; Chen, Y.; Feng, Q.; Liang, H.; Tao, P.; Xu, M.; Du, G.
Hexagonal Phase-Pure Wide Band Gap ε-Ga2O3 Films Grown on 6H-
SiC Substrates by Metal Organic Chemical Vapor Deposition. Appl.
Phys. Lett. 2016, 108, 202103.
(34) Gottschalch, V.; Merker, S.; Blaurock, S.; Kneiß, M.; Teschner,
U.; Grundmann, M.; Krautscheid, H. Heteroepitaxial Growth of α-,
β-, γ- and κ-Ga2O3 Phases by Metalorganic Vapor Phase Epitaxy. J.
Cryst. Growth 2019, 510, 76−84.
(35) Mulazzi, M.; Reichmann, F.; Becker, A.; Klesse, W. M.; Alippi,
P.; Fiorentini, V.; Parisini, A.; Bosi, M.; Fornari, R. The Electronic
Structure of ε-Ga2O3. APL Mater. 2019, 7, 022522.
(36) Parisini, A.; Bosio, A.; Montedoro, V.; Gorreri, A.; Lamperti, A.;
Bosi, M.; Garulli, G.; Vantaggio, S.; Fornari, R. Si and Sn Doping of ε-
Ga2O3 Layers. APL Mater. 2019, 7, 031114.
(37) Cora, I.; Mezzadri, F.; Boschi, F.; Bosi, M.; Čaplovicǒva,́ M.;
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Table S1: Summary of all measured core level and valence band onset (VBO) binding energies 
for all In and Al concentrations as well as bulk MgO.
In/(In+Ga) ratio (%) Ga2p3/2 BE (eV) Mg1s BE (eV) VBO (eV) EV (eV)
bulk MgO 1304.86 2.84
0 1118.32 2.39
0 + MgO cap 1118.20 1304.36 +0.03
11 1118.31 2.23
10 + MgO cap 1118.19 1304.75 -0.62
17 1118.27 2.27
16 + MgO cap 1118.53 1304.81 -0.26
27 1118.36 2.12
26 + MgO cap 1118.41 1304.60 -0.41
Al/(Al+Ga) ratio (%) Ga2p3/2 BE (eV) Mg1s BE (eV) VBO (eV) EV (eV)
7 1118.37 2.38
7 + MgO cap 1118.16 1304.4 -0.21
28 1118.44 2.52
28 + MgO cap 1118.37 1304.58 -0.10
36 1118.36 2.23
36 + MgO cap 1118.40 1304.64 -0.36
55 1118.46 2.48
55 + MgO cap 1118.31 1304.45 -0.10
Figure S1: Typical XRD 2θ-ω scans of the investigated samples containing (a) κ-(InxGa1-x)2O3 
layers and (b) κ-(AlxGa1-x)2O3 layers, respectively. In-content xIn and Al-content xAl as indicated 
and determined by XPS measurements. Indexed reflections correspond to purely (001) oriented 
growth in the orthorhombic modification.
2
Figure S2: Survey spectra of In0.54Ga1.46O3 (blue, lower curve) and Al1.10Ga0.90O3 (red, upper 
curve). Black labels correspond to peaks present in both samples, blue labels to indium related 
peaks and red labels to aluminum related peaks. 
3
Figure S3: Ga2p3/2 and Al2p core level spectra after Shirley-background subtraction, used to 
determine the different Al-concentrations.
Figure S4: Summary of band gap determination from XPS and comparison to 
previous results from transmission measurements23,24 (dashed line). 
4
Figure S5: a) O 1s core level of MgO. It consists of two components, once Mg bound to surface 
-OH groups (red, higher binding energy) and once Mg bound to lattice oxygen (blue, lower binding 
energy). b) Zoom into the inelastic background region from a). The binding energy is referenced 
to the Mg-O peak at 530.42 eV binding energy. Extrapolation of the onset of the inelastic 
background yields a band gap of MgO of 7.7 eV. 
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ABSTRACT
High quality heteroepitaxial (001)-oriented κ-(AlxGa1−x)2O3/κ-Ga2O3 quantum well superlattice heterostructures were deposited by tin-
assisted pulsed laser deposition on c-sapphire substrates. Sharp superlattice fringes up to the ninth order in XRD patterns for Al-contents up to
about 50 at. % confirm excellent structural quality and smooth interfaces in the multilayers on par with reports on homoepitaxial superlattices
in the monoclinic modification. By employing elliptically segmented targets, the Al-content in the barrier layers of the superlattices was
systematically varied in a range of 0.1 ≤ x ≤ 0.5 in a controlled and quasi-continuous manner. An in-depth investigation employing XRD
2θ-ω scans and reciprocal space map measurements on superlattices with different periods as well as single quantum well samples suggests
coherent growth of the superlattices for application-relevant quantum well widths. The critical thickness for coherent growth of κ-Ga2O3
on κ-(AlxGa1−x)2O3 was further estimated to be at least 50 nm and 3 nm for x = 0.2 and x = 0.3, respectively. We determined absorption
energies in optical transmission spectra for superlattices with x = 0.3 well below the bandgap of the barrier layers that decrease with increasing
quantum well width suggesting transitions between localized states in the quantum wells as their origin. These results render superlattices in
the metastable orthorhombic phase of Ga2O3 as a promising active layer for quantum well infrared photodetector applications.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0007137., s
I. INTRODUCTION
In recent years, research interest in the wide bandgap semi-
conductor Ga2O3 has been growing tremendously. Research efforts
were mostly triggered by its large predicted electric breakdown field
of about 8 MV/cm for the monoclinic β-modification1 and poten-
tial power-device applications of the material. Furthermore, com-
mercial single crystal β-Ga2O3 wafers up to 4 in. in diameter are
already available for homoepitaxial growth of device structures. A
detailed overview about material properties and devices for the ther-
modynamically stable β-phase can be found in several reviews.1–4
However, more and more research is directed lately toward the
metastable polymorphs of Ga2O3. Among those, the orthorhombic
κ-modification (often also referred to as ε-Ga2O3) possesses unique
and promising properties. In particular, the fact that it is the only
known polymorph that is predicted to exhibit a spontaneous and
large electrical polarization of 23 μC/cm2 along its c-direction5–7
attracted interest in the scientific community. This value is three
times higher than that of AlN and surpasses the one of GaN even by
one order of magnitude.5–8 This property could enable polarization
doping. For this, polarization discontinuities at heterointerfaces, e.g.,
to the κ-(AlxGa1−x)2O3 or κ-(InxGa1−x)2O3 alloy system or other
materials, are utilized, which result in polarization charges. These
charges can be compensated by free electrons that are localized as
two-dimensional electron gas (2DEG) at the interface. Such 2DEGs
typically feature both high charge carrier densities and mobilities
and can serve as an active layer in device applications such as high
electron mobility transistors (HEMTs) or quantum well infrared
photodetectors (QWIPs). For the GaN, AlGaN, and InGaN sys-
tem, such devices utilizing 2DEGs as active device layers are already
existing and largely established.9–11 The Al- and In-alloy systems of
κ-Ga2O3 would be even more promising for such applications, since
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the larger polarization differences can be expected to localize 2DEGs
with even higher sheet charge carrier densities increasing the effec-
tivity of the devices. Moreover, the larger bandgap of Ga2O3 of about
4.9 eV for the κ-phase12–17 compared to that of GaN1 (Eg ≈ 3.4 eV)
gives rise to larger breakdown voltages and lower leakage currents
and would possibly expand the transparency of the devices into the
solar-blind region enabling QWIPs for extraterrestrial applications.
The heteroepitaxial stabilization of κ-Ga2O3 has already
been achieved by a large variety of deposition methods, such
as pulsed-laser deposition12,17–21 (PLD), halide vapor phase epi-
taxy16,22 (HVPE), metal-organic chemical vapor deposition15,23–27
(MOCVD), metal-organic vapor phase epitaxy28–31 (MOVPE),
atomic layer deposition,24 molecular beam epitaxy32 (MBE),
plasma-assisted molecular beam epitaxy33 (PAMBE), and mist
CVD.13,14,34–37 An important recent breakthrough for device appli-
cations was the growth of electrically conducting thin films.29 The
MOVPE grown thin films were doped in situ (ex situ, by indiffusion)
by silicon (tin). In the PLD and MBE growth of κ-Ga2O3, however,
tin is not acting as an active donor, but it is necessary to stabilize the
κ-phase.12,17,18,21,32
Heteroepitaxial thin films of the In- and Al-alloy systems can
be stabilized in the κ-modification by PLD21,38–41 as well as by mist
CVD14,36 phase pure and in a broad composition range21,38–40 of
xIn ≤ 0.35 and xAl ≤ 0.65. A recent report by us on valence
and conduction band offsets for both alloy systems suggests an
energetic position of the valence band maximum independent of
the alloy composition.41 The complete difference in the bandgap
(ΔEg ∼ 2.5 eV for highest Al- and In-contents) therefore equals the
conduction band offset in κ-(AlxGa1−x)2O3/κ-(InxGa1−x)2O3 het-
erostructures, offering the possibility of large confinement as well
as large transition energies in QW heterostructures for QWIP appli-
cations. This would allow for widely tunable wavelength ranges of
QWIPs from far infrared up to the visible spectral range corroborat-
ing the large potential of this phase.
For QWIPs, the coherent growth of high quality
κ-(AlxGa1−x)2O3/κ-(InxGa1−x)2O3 multi-QW superlattices (SLs) is
a prerequisite. There are already reports on HEMT structures and
QWs containing 2DEGs for the monoclinic modification.42–46 How-
ever, these always require careful design of a delta-doped layer in
the (AlxGa1−x)2O3 barrier in both concentration and distance to
the QW to achieve sufficient 2DEG densities. Such complications
would be unnecessary for the orthorhombic modification. There
are even reports on the growth of monoclinic47,48 β-, rhombo-
hedral49 α-, and defect-spinel50 γ-(AlxGa1−x)2O3/Ga2O3 SL struc-
tures. However, the growth of SLs in the even more promising
κ-modification was so far not reported to the best of the authors’
knowledge.
We realized the heteroepitaxial growth of high quality
κ-(AlxGa1−x)2O3/κ-Ga2O3 SL heterostructures by pulsed laser depo-
sition on c-sapphire substrates. We investigated the structural prop-
erties of our multilayers in depth by x-ray diffraction (XRD) and will
show the coherent growth of the SLs in κ-modification in a broad
composition range up to Al-contents in the barrier layers of about
50 at. %. The Al-content in the barrier layers was varied in a con-
trolled fashion either by using homogeneous targets with different
Al-composition or by one single elliptically segmented target utiliz-
ing vertical continuous composition spread PLD (VCCS-PLD).51,52
By a careful examination of XRD patterns of SLs with different
barrier and QW thicknesses, we will further show the coherently
strained growth of the SL structures for application-relevant QW
widths and the precise tunability of layer thicknesses. Critical layer
thicknesses of κ-Ga2O3 on κ-(AlxGa1−x)2O3 estimated for two dif-
ferent Al-contents by reciprocal space map (RSM) measurements
of single QW layers corroborate these findings. Moreover, optical
transmission measurements were performed to determine absorp-
tion onsets of the SL heterostructures, whose origin will be shown
to be QW transitions. These results render SL heterostructures in
the orthorhombic modification as a promising candidate for QWIP
applications.
II. EXPERIMENTAL METHODS
The κ-(AlxGa1−x)2O3/κ-Ga2O3 SL heterostructures were grown
by pulsed laser deposition (PLD) on 10 × 10 mm2 c-sapphire sub-
strates. Each SL consists of 15 pairs of alternating κ-Ga2O3 QW
and κ-(AlxGa1−x)2O3 barrier layers with different thicknesses, spec-
ified in the relevant parts of this report. The SLs were deposited
on an about 100 nm thick κ-(AlxGa1−x)2O3 buffer layer with the
same Al-content as the barrier layers. For Al-contents xAl ≳ 0.4,
an additional ≈100 nm thick κ-Ga2O3 buffer layer was deposited
before the growth of the κ-(AlxGa1−x)2O3 buffer layer to stabilize
the layers in orthorhombic modification, as described in a previous
report.39 Schematic sample structures can be found in Fig. S1 in the
supplementary material. All κ-Ga2O3 layers were grown employing
targets consisting of Ga2O3 and 1 wt. % or 2 wt. % SnO2. For the
κ-(AlxGa1−x)2O3 buffer and barrier layers, either homogeneous tar-
gets consisting of Ga2O3 and 10 at. %, 20 at. %, or 35 at. % Al2O3
or an elliptically segmented (Al0.4Ga0.6)2O3/Ga2O3 target was used.
The target segmentation is schematically shown in the inset in
Fig. 2(b). These targets were all doped with additional 2 at. % SnO2
for all Al-contents as well. Values in at. % always refer to the cation
ratio in the mixture. Tin doping of the targets is needed to facilitate
the growth in the κ-phase as shown before;17,18 however, the amount
of tin incorporated into the bulk of the layers is below the reso-
lution of energy-dispersive x-ray spectroscopy or x-ray photoelec-
tron spectroscopy (less than 0.1 at. %). The Al2O3 (99.997% purity,
Alfa Aesar), Ga2O3 (99.999% purity, Alfa Aesar), and SnO2 (99.9%
purity, Alfa Aesar) target powders were ball-milled, cold pressed,
and then sintered in air at 1350 ○C for 72 h in the respective mixture
and segmentation.
A 248 nm KrF excimer laser (Coherent LPX Pro 305 F) was
employed for all samples. The laser was focused to a size of 2× 6.5 mm2, resulting in a laser fluence of 2.6 J/cm2 on the target
surface. For both types of buffer layers, 5000 pulses were applied at
a pulse frequency of 10 Hz, while the pulse number of the SL lay-
ers was varied from sample to sample to change the respective layer
thicknesses. For the layers deposited using the elliptically segmented
target, the radial position of the laser spot on the target surface was
fixed to a certain value r combined with a rotation of the target to
provide a circular track of the laser on the target surface. With the
respective value of r, the Al-content of the layers was controlled.
This VCCS-PLD technique enables the precise adjustment of the
composition of thin film layers or composition gradients in growth
direction, as described in detail in Refs. 51 and 52. The substrate tem-
perature Tg was set for all layers to 670 ○C, and the oxygen partial
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pressure p(O2) was kept at 0.002 mbar. A detailed description of our
PLD setup can be found in Refs. 53 and 54. X-ray diffraction (XRD)
2θ-ω scans, ϕ scans, and reciprocal space maps (RSMs) were per-
formed using a PANalytical X’pert PRO MRD diffractometer with
Cu Kα radiation using a parabolic mirror and PIXcel3D detector. The
surface morphology was investigated by atomic force microscopy
(AFM) images employing a Park Systems XE-150 in non-contact
or tapping mode. The Al-content of the layers was determined
either by the composition-dependent c-lattice constant calculated
from the peak positions in 2θ-ω scans or by energy-dispersive x-ray
spectroscopy (EDX), where a Nova NanoLab 200 by FEI company
was employed. The optical bandgap of the layers was estimated by
transmission spectroscopy, where a PerkinElmer Lambda 19
spectrometer was used. Layer thicknesses were estimated by the
growth rates at the given deposition parameters known from pre-
vious publications17,39 as well as from the separation of SL fringes in
XRD 2θ-ω scans, as described in the text.
III. RESULTS AND DISCUSSION
A. Variation of barrier composition
To demonstrate the possibility to grow high quality SLs in
κ-modification, SL heterostructures deposited using targets with
homogeneous composition are investigated at first. Figure 1(a)
shows a typical XRD 2θ-ω scan of a κ-(AlxGa1−x)2O3/κ-Ga2O3 SL
heterostructure with an Al-content of xAl = 0.3 in the barrier lay-
ers (deposited using a target with 20 at. % Al2O3) in the vicinity
FIG. 1. (a) Typical XRD 2θ-ω scan around the (002) reflection of a κ-(Al0.3Ga0.7)2O3/κ-Ga2O3 SL heterostructure with a designed thickness of the κ-(Al0.3Ga0.7)2O3 barrier
layer of 25 nm and a κ-Ga2O3 quantum well width of 3 nm. SL0 denotes the zero-order reflection of the SL multilayer. Peaks labeled with green numbers correspond to SL
fringes and their respective order. The DLT was calculated from the spacing of the SL fringes. (b) Typical XRD 2θ-ω scans around the (002), (004), and (006) reflections of
κ-(AlxGa1−x )2O3/κ-Ga2O3 SL heterostructures with different Al-contents xAl as indicated. Non-labeled peaks correspond to SL fringes belonging to the zero-order reflections
labeled with an orange asterisk. The thickness values in green denote the DLTs of the SL multilayers calculated from the spacing of the SL fringes. For the xAl = 0.5 SL, a
κ-Ga2O3 buffer layer was needed, causing additional peaks marked with a black asterisk. For larger angles, a twofold peak splitting of all peaks occurs due to Kα1 and Kα2
radiation. (c) Typical AFM images of several κ-(AlxGa1−x )2O3/κ-Ga2O3 SL heterostructures with xAl and root-mean squared roughness Rq as indicated. The sample with
xAl = 0.2 was grown using an elliptically segmented target for the barrier layer.
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of the κ-(Al0.3Ga0.7)2O3 (002) reflection. A higher Al-content in the
thin film compared to the target stoichiometry is expected for these
growth parameters, and the transfer factor is in agreement with
recent reports.39 It should be noted that not only this one but also
all samples in this report crystallized purely in the orthorhombic
κ-modification with (001) orientation in agreement with recent
reports by us on single layers of binary κ-Ga2O3,17 the respective
Al- and In-alloy systems,21,38–40 and the growth of heterostructures
consisting of binary buffer layers with layers of the alloy systems on
top.38,39 Similar to these samples, the SLs presented in this study fea-
ture three rotational domains confirmed by XRD ϕ scans on selected
samples (not shown). Epitaxial relationships to the c-sapphire sub-
strate agree with previous reports.17,39 In Fig. 1 (a), apart from a
reflection close to the position of the κ-(Al0.3Ga0.7)2O3 (002) reflec-
tion marked SL0, sharp SL fringes equally spaced on both the high
and the low angle side of SL0 can be observed, which are caused by
additional reflection and interference of the x rays on the periodic
SL structure. SL0 denotes the zero-order reflection of the SL and is
the (002) Bragg reflection corresponding to the average out-of-plane
c-lattice constant of the SL.55–58 From the equal spacing of the SL
fringes in 2θ, the SL period or the double layer thickness (DLT),
which is the thickness of one κ-(AlxGa1−x)2O3/κ-Ga2O3 layer pair
in the 15 layer pair stack, can be calculated.55 In this case, a value
of 30 nm is obtained, in agreement with the thicknesses aimed for a
25 nm κ-(Al0.3Ga0.7)2O3 barrier and 3 nm κ-Ga2O3 QW layer.
The SL fringes occur up to high orders, and a very low broad-
ening both of the fringes and of SL0 in the order of 0.05○– 0.1○ 2θ
can be observed, which is similar to the broadening of the substrate
reflections and equal to the resolution of the experimental setup.
This indicates abrupt interfaces in the SL structures and consistent
layer thicknesses throughout the multilayer stack. This is due to the
order, broadening, and intensity of these reflections being sensitive
to fluctuations in thickness, strain, and crystal quality in the SL that
would manifest themselves in additional inhomogeneous broaden-
ing of the peaks and a drastic decrease in the intensity of high order
fringes.59–61 Such high orders, in this case up to the seventh one,
and these low broadenings are typically only observed in coher-
ently grown mostly homoepitaxial SL heterostructures with interface
roughnesses in the range of a few monolayers and excellent crys-
talline quality, e.g., for β-(Al,Ga)2O3/β-Ga2O3,48 AlGaN/GaN,62,63
GaN/InGaN,64,65 AlGaAs/GaAs,66 or multiferroic BaTiO3/BiFeO3.67
Surprisingly, the order of the fringes is even surpassing homoepitax-
ially grown SLs with similar layer thicknesses and Al-contents in the
monoclinic modification.48
To further confirm these properties and to fathom the compo-
sition limits for SL growth, Fig. 1(b) shows the XRD 2θ-ω scans of
the already discussed SL in a larger angular range (violet). Addition-
ally, Fig. 1(b) shows SL heterostructures with similar nominal layer
thicknesses, but for barrier layers grown using two other targets with
different homogeneous Al2O3 contents (10 at. % and 35 at. % Al2O3
in the target corresponding to xAl = 0.17 and 0.5 in the barrier lay-
ers). For the sake of clarity, we omitted labeling each SL fringe explic-
itly, such that any non-labeled reflection corresponds to a SL fringe
from now on. All SLs with xAl ≥ 0.4 in the barrier further needed
an additional κ-Ga2O3 buffer layer to stabilize the orthorhombic
modification, as extensively discussed in Ref. 39. Reflections of these
buffer layers will be labeled throughout this paper by black asterisks.
All sample structures can also be found in Fig. S1 in the supplemen-
tary material including a description in which part of this paper they
are discussed.
Sharp SL fringes for all investigated Al-contents can be
observed in Fig. 1(b); only the value of the highest order and intensi-
ties are slightly varying with xAl, which might be due to lower x-ray
contrast between the layers for lower xAl. Nevertheless, sharp SL
fringes exhibiting Kα1/Kα2 splitting to high angular positions, not
only around the SL0 (002) reflection but also for the (004) and (006)
reflections, are visible in Fig. 1(b). SL fringes are even observed for
reflections corresponding to (008) and (0010) lattice planes up to
an angular range of 2θ ≈ 110○ (not shown). The occurrence of the
SL fringes up to such high values in 2θ further confirms the excel-
lent crystalline quality and smooth interfaces of the SL heterostruc-
tures. The SL0 (00N) reflections marked with an orange asterisk shift
to higher angular positions with increasing xAl corresponding to a
decrease in the average c-lattice constant of the SL. This is caused by
a decreasing c-lattice constant of the barrier layers upon increasing
Al-incorporation in agreement with previous results.39,40 Within the
expected deviations of the growth rate for different cation composi-
tions of the targets for the barriers, the calculated DLTs are matching
the design of a 25 nm barrier and a 3 nm width QW.
Figure 1(c) depicts the surface morphology of selected SL het-
erostructures as measured by AFM. These images show the typi-
cal structure observed for all investigated samples independent of
the Al-content and layer thickness. The surface consists of small
grains typically in the range of 50–100 nm in size with surface
roughnesses in the range of one nm or less. One SL structure
realized with an elliptically segmented target for the barrier layer
(xAl = 0.2) was already included. The surface of such samples shows
no significant difference compared to that of samples deposited
employing homogeneous targets. This is in agreement with previous
results as well.39
However, regarding the XRD results, one would expect much
lower interface roughnesses than the surface roughnesses shown
here. This discrepancy might be due to the growth mode of the
orthorhombic modification in PLD. A liquid tin alloy layer float-
ing on top of the growing thin film surface stabilizes the κ-phase
in a possible catalytic vapor–liquid–solid (VLS) growth mechanism
without incorporation of tin in the thin film, as proposed by us
recently.17 A tin-enriched surface layer was found in depth-resolved
XPS measurements that might be the cause of the increased surface
roughness of the SL heterostructures featuring much lower actual
interface roughnesses within the multilayer.
To verify the possibility to directly control the Al-content of
the barrier layers and with that giving direct access to confinement
energies in possible QW applications, xAl was systematically and
smoothly varied by VCCS-PLD.39,51,52 For this, a series of SL samples
employing the elliptically segmented (Al0.4Ga0.6)2O3/Ga2O3 target
for the barrier layers were deposited. Figure 2(a) shows the cor-
responding XRD 2θ-ω scans of the SL heterostructures. These SL
structures show sharp SL fringes in a range of 0.1 ≤ xAl ≤ 0.51, with-
out significant differences in broadening or intensity of the reflec-
tions compared to samples deposited employing homogeneous tar-
gets corresponding to similar interface roughnesses. However, SL
fringes were not present for the lowest r = 4 mm due to miss-
ing x-ray contrast as well as for the largest r = 9 mm for which
only almost x-ray amorphous growth was confirmed. For the other
samples exhibiting SL fringes, a systematic shift of the SL0 reflec-
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FIG. 2. (a) XRD 2θ-ω scans of κ-(AlxGa1−x )2O3/κ-Ga2O3 SL heterostructures
with different xAl as indicated. The structures are schematically depicted in (b).
The Al-content in the barrier was systematically varied employing an elliptically
segmented target, as depicted in the inset in (b). r denotes the radial position of
the PLD laser spot on the target surface. The thickness values in green denote the
calculated DLT. The zero-order reflections of the SLs are marked with an orange
asterisk. For r ≥ 7 mm, a κ-Ga2O3 buffer layer was used, causing additional peaks
marked with a black asterisk. Non-labeled peaks are SL fringes. (b) xAl as function
of r. The Al-content was determined by using the c-lattice constant of the barrier
layers calculated from the (00N) peak positions in XRD 2θ-ω scans as well as
by EDX measurements of the multilayer structure. The EDX raw data depicted
as open circles correspond to the average Al-content of the superlattice structure
including the binary κ-Ga2O3 QW layers. After a correction taking into account the
thickness ratio of barrier and QW layers to determine the Al-content of the barrier
only (full green circles), both XRD and EDX data are identical within the error range
of the experiments. The red dashed line represents a Monte Carlo simulation of
the expected thin film stoichiometry taking into account the target geometry, PLD
laser spot size, and transfer coefficients of Al from the target into the thin film.39,52
tions (marked by an orange asterisk) to larger angular positions with
increasing xAl is clearly visible, as expected. The DLTs are given as
green numbers in Fig. 2(a) and agree well with the nominal design
of a 3 nm QW and a 20 nm barrier width taking into account growth
rate differences, since the pulse numbers had not yet been adjusted
for different Al-contents and target surface wear for different r, see
also Fig. S2 for the growth rates of the barrier layers as a func-
tion of xAl in comparison with those of the layers grown employing
homogeneous targets.
The Al-contents, given in Fig. 2(a), were determined by two
independent methods. First, xAl was calculated using the relation-
ship for the composition dependent c-lattice constant determined by
us.39,40 For this, the c-lattice constant of the barrier was determined
taking into account the corresponding (002), (004), (006), (008), and
(0010) reflections.17,39,68 Furthermore, the average Al-content of the
multilayer structure was determined by EDX measurements, and xAl
was calculated from these values using the thickness ratios of QW
and barrier layers. Both values are plotted in Fig. 2(b) as function of r
and are in excellent agreement with each other and with the expected
layer composition obtained by Monte-Carlo simulations [red dashed
line in Fig. 2(b)], confirming the predictability and reproducibility of
the approach.
These results suggest both excellent crystal quality and inter-
face quality of the investigated SL heterostructures and could enable
direct control over confinement energies of the QWs by the Al-
content in the barrier. For the tuning of QW transition energies,
however, not only well-defined layer thicknesses but also the pre-
cise adjustability of their exact values are needed. PLD as a suitable
growth method for this purpose and the verification of coherent
growth will be shown in detail below.
B. Growth analysis
For a deeper investigation on the growth of the SL heterostruc-
tures and the evaluation of the strain state of the multilayers, a thick-
ness series for both the barrier and the QW width were deposited
using homogeneous targets.
1. Variation of barrier width
We first discuss the effect of a variation of the barrier thickness
tB. For this, the QW width tw was fixed to a nominal value of 3 nm
and tB was varied by the number of laser pulses to nominal values of
4 nm ≤ tB ≤ 40 nm. Two such series were deposited, with xAl = 0.17
and 0.3 in the barrier layers, respectively. In the following, only
data for the samples with xAl = 0.3 are shown, and similar data for
xAl = 0.17 can be found in Fig. S3 in the supplementary material.
Figure 3(a) shows the XRD 2θ-ω scans of the barrier thickness
series for xAl = 0.3. The sample structures can be found in the inset
in Fig. 3(b). All samples show sharp SL fringes whose separation
decreases with increasing tB corresponding to the increasing DLT.
The highest observable order of the SL fringes increases with tB, and
fringes up to the ninth order can be identified around the SL0 (002)
reflection for tB = 40 nm. A significant broadening of the reflec-
tions with decreasing tB cannot be observed, see also Fig. 3(c) for
a magnified view around the SL0 (004) reflection. A slight increase
in broadening toward lowest DLTs is expected from x-ray scattering
theory and is caused by lower layer thicknesses in general.60,61 Nev-
ertheless, smooth interfaces and well defined layer thicknesses can
be deduced for all tB.
Figure 3(b) shows the calculated DLT in dependence on the
PLD laser pulse number for each barrier layer. A perfectly linear
relationship can be clearly identified. From a linear fit to the data
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FIG. 3. (a) XRD 2θ-ω scans of a series of κ-(Al0.3Ga0.7)2O3/κ-Ga2O3 SL heterostructures where the κ-(Al0.3Ga0.7)2O3 barrier width tB is varied from 4 nm to 40 nm as
indicated. The sample structure is schematically shown in the inset in (b). Pulses in green denote the number of laser pulses applied for each barrier layer in the SL structure.
Non-labeled peaks correspond to SL fringes. (b) Calculated DLT in dependence on the applied number of laser pulses for each barrier layer. The red solid line denotes a
linear fit to the data. From the slope and extrapolated y-axis intercept, the growth rate of the barrier layer and the quantum well thickness were extracted, respectively. (c)
XRD 2θ-ω scans around the (004) reflections of the SLs in a magnified view. Green asterisks denote the position of the zero-order reflection of the SLs shifting to lower
angular positions with decreasing tB. The shoulder for low tB at the high angle side of the SL0 reflection is caused by the κ-(Al0.3Ga0.7)2O3 buffer layer. (d) Average c-lattice
constant of the SL structures in dependence on the inverse DLT. The red solid line denotes a linear fit to the data. From the slope and extrapolated y-axis intercept, the
c-lattice constants of the κ-Ga2O3 quantum well and the barrier layer were extracted, respectively.
(red solid line), both tw and the growth rate of κ-(Al0.3Ga0.7)2O3
can be determined. A growth rate of roughly 27 pm/pulse and
tw = 2.8 nm are in good agreement with the design as well as the
expected growth rate for xAl = 0.3 with the same growth parameters
from previous reports.17,39 A similar behavior can be seen for the
series with xAl = 0.17 in the supplementary material. This confirms
the possibility to precisely control layer thicknesses of the QW SLs
as well as transition energies for QW applications.
Upon closer inspection of the SL0 reflections, one can observe
that they shift to lower angular positions when tB is decreased. See,
for example, Fig. 3(c) for a magnified view of the (004) reflection,
where the zero-order peak is marked with a green asterisk. The
shoulder at the high angle side of the SL0 reflection is due to the
κ-(Al0.3Ga0.7)2O3 buffer layer. The shift of the SL0 reflections corre-
sponds to a change in the average c-lattice constant of the SL due to
different thickness ratios.
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All XRD 2θ-ω scans of these samples were deconvoluted to
determine the positions of the SL0 (00N) reflections. From these
positions, the average c-lattice constant cSL of the SLs was deter-
mined via extrapolation using a regression function, as described in
Refs. 17, 38, and 68, to minimize the goniometer error. The c-lattice
constants are plotted in Fig. 3(d) vs the inverse DLT, and one can
clearly observe a linear correlation.
cSL should be similar to the c-lattice constant for the average
Al-content of the SL,55–58 which equals the thickness weighted aver-
age of the lattice constants of the QW and barrier layers, cw and cB,
respectively,
cSL = cwtw + cBtBtw + tB = cB + (cw − cB)tw 1tw + tB . (1)
Since tw + tB is equal to the DLT, cSL should be proportional
to the inverse DLT when all other parameters do not change, just as
is observed. A linear fit to the data [red solid line in Fig. 3(d)] offers
the possibility to determine cB from the extrapolation to zero inverse
DLT as well as cw from the slope when we plug in tw as determined
in Fig. 3(b). We obtain cB ≈ 9.16 Å, which is within the experimental
error in agreement with the value39 for κ-(Al0.3Ga0.7)2O3, such that
the barrier layers can be considered completely relaxed. However,
the extracted value of cw ≈ 9.32 Å is exceeding the value for relaxed
κ-Ga2O3, which was determined before17,28 to be c ≈ 9.27 – 9.28 Å.
This strongly points to a coherently strained growth of the QW layer
adopting the in-plane lattice constants of the barrier layer. These are
decreasing with increasing Al-content, causing increasing compres-
sive biaxial strain on the QW layer corresponding to tensile out-of-
plane strain as observed. This is also in agreement with the lower
cw ≈ 9.29 Å for the xAl = 0.17 SL samples [see Fig. S3(d) in the supple-
mentary material], since the lattice mismatch and the corresponding
strain are lower.
The strain state of our SL heterostructures was further inves-
tigated by RSM measurements around the asymmetric SL0 (139)
reflections. Selected RSMs for different tB are shown in Fig. 4(a),
where we can similarly observe sharp SL fringes up to high orders.
The shift of the SL0 reflection in q due to the change in cSL can be
observed nicely as well. No peaks in the vicinity of the κ-Ga2O3 (139)
reflection can be identified, and the SL fringes marked by red aster-
isks are aligned in q∥ for all barrier widths with the SL0 reflection,
pointing indeed to consistent in-plane lattice constants for all layers
and coherently strained growth of the QWs. Strain relaxation within
the SL layers would additionally cause asymmetric broadening of SL
fringes in the XRD patterns,69,70 which was not observed.
To further confirm this, the average in-plane lattice plane dis-
tance d130 of the SLs was determined from the position of the SL0
(139) reflection in the RSMs. The data are plotted in Fig. 4(b) in
dependence on the inverse DLT and in comparison with the aver-
age out-of-plane c-lattice constants of the SLs. In contrast to cSL,
d130 does not change significantly with the DLT and agrees within
the experimental error well with the expected value of d130 for
κ-(Al0.3Ga0.7)2O3 (red dashed line).
From this, we can indeed conclude a coherent growth of the
complete SL multilayer structure, further emphasizing the high
quality of our samples.
2. Variation of quantum well width
In order to evaluate the layer thickness limit for coherent
growth of the QW layer, a series of SL samples with fixed tB = 20 nm
and varying nominal tw values between 1 nm and 10 nm as well as
xAl = 0.3 in the barrier layers were investigated. Similar figures for
xAl = 0.17 can be found in the supplementary material.
Figure 5(a) shows the XRD 2θ-ω scans of the tw series. Although
we observe sharp SL fringes for all samples, the change in the pat-
terns is more drastic than that for the tB series. Since the DLT of this
FIG. 4. (a) Selected RSMs of κ-(Al0.3Ga0.7)2O3/κ-Ga2O3 SL heterostructures around the asymmetric κ-(Al0.3Ga0.7)2O3 (139) reflection with the barrier width tB as indicated.
SL0 (139) denotes the position of the zero-order reflection, while red asterisks denote SL fringes. (b) Out-of-plane c-lattice constant and in-plane lattice plane distance d130
determined from the position of the zero-order (139) reflection of the SLs in dependence on the inverse DLT.
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FIG. 5. (a) XRD 2θ-ω scans of a series of κ-(Al0.3Ga0.7)2O3/κ-Ga2O3 SL het-
erostructures where the κ-Ga2O3 quantum well width tw is varied from 1 nm to
10 nm as indicated. Pulses in green denote the number of laser pulses applied for
each QW layer in the SL structure. Non-labeled peaks correspond to SL fringes.
(b) Selected RSMs of κ-(Al0.3Ga0.7)2O3/κ-Ga2O3 SL heterostructures around the
asymmetric κ-(Al0.3Ga0.7)2O3 (139) reflection with the QW width tw as indicated.
Sample structures are given in the inset in Fig. 3(b). SL0 (139) roughly denotes the
range where the zero-order reflection is expected, while red asterisks denote SL
fringes. Note that the zero-order reflection does not need to be the most intense
reflection anymore, see also Fig. S5(c) in the supplementary material where the
zero-order reflection is traced in XRD 2θ-ω scans. Peaks marked with κ-Ga2O3
(139) are close to the corresponding reflection of the binary QW material.
series is not changing to the same extent as for that of the tB series,
the spacing between fringes is quite similar for all samples. How-
ever, the highest order of the fringes is decreasing with increasing tw
pointing toward a change in crystal and interface quality of the struc-
tures. Furthermore, for tw = 6 nm and 10 nm, one can see additional
broad peaks appearing at the low angle side of the SL0 (00N) reflec-
tions, roughly at the position of the κ-Ga2O3 (00N) reflections. The
DLTs as a function of the PLD laser pulse number for the QW layers
[shown in Fig. S4(a) in the supplementary material] are deviating
from a linear dependence. From a fit to the data, one can estimate
that the barrier thickness and growth rate of the QW still agree
with the design. The deviation from the linear behavior however
might suggest a change in the strain state of the QW. The strongest
indication for this can be observed in cSL extracted from the XRD
data, which is not proportional to the inverse DLT for larger tw [see
Fig. S4(b) in the supplementary material]. When comparing this to
Eq. (1), this suggests that the lattice constants of the layers change
corresponding to different strain, i.e., partial relaxation.
This is in contrast to a tw series for xAl = 0.17 even up to
tw = 37.5 nm. Although peaks appear on the low angle side of the SL0
reflections as well for larger tw, both the DLT vs the QW pulse num-
ber and the c-lattice constants of the SL0 reflections vs the inverse
DLT still show a linear dependence where all extracted parameters
agree well with those of the tB series, see Fig. S5 in the supplementary
material.
We further investigated this by RSM measurements around the
asymmetric SL0 (139) reflections, see Fig. 5(b) for selected samples
with xAl = 0.3. For low tw, the RSM shows the same features as for the
tB series. For tw = 6 nm and 10 nm, however, one can see additional
peaks at the position of the κ-Ga2O3 (139) reflection appearing.
Moreover, the SL fringes are not aligned in q∥, indicating a variation
of the in-plane lattice constants. Therefore, the critical thickness for
coherent growth is probably exceeded by these thicknesses. This is
not the case for xAl = 0.17 up to tw = 37.5 nm, see Fig. S6 in the sup-
plementary material, where all SL fringes are aligned in the in-plane
coordinate.
Partial relaxation of an epilayer is typically accompanied by
defects such as misfit dislocations and a corresponding loss in crystal
quality that impairs the performance of potential QW heterostruc-
ture devices. Therefore, the critical thickness for the coherent growth
of κ-Ga2O3 on κ-(AlxGa1−x)2O3 was further evaluated.
3. Evaluation of critical thickness for coherent growth
For this, single QW heterostructure samples with two dif-
ferent values of xAl, xAl = 0.2 and 0.3, were investigated as a
function of tw. Figure 6(a) shows RSMs around the asymmetric
κ-Ga2O3 (139) reflection for a single QW sample with xAl = 0.2 and
tw = 50 nm (labeled pseudomorphic) in comparison with a sample,
where a ≈200 nm thick κ-(Al0.2Ga0.8)2O3 layer was deposited on a≈200 nm thick and relaxed κ-Ga2O3 buffer layer (labeled relaxed).
For the relaxed sample, the κ-Ga2O3 (139) peak is clearly shifted
in q∥ with respect to the κ-(Al0.2Ga0.8)2O3 (139) reflection. This is
not the case for the QW sample, where the κ-Ga2O3 reflection is
perfectly aligned with the one of the barrier layers in q∥ indicat-
ing pseudomorphic, and with that coherent, growth. The critical
thickness for xAl = 0.2 therefore exceeds 50 nm, which is more than
sufficient for QW applications where tw typically does not go beyond
1–3 nm. In addition, for all lower Al-contents, this value should hold
as a lower limit, since the critical thickness of course increases with
decreasing lattice mismatch.71–74
For xAl = 0.3, a tw thickness series of single QWs were inves-
tigated to estimate the critical thickness. The sample structures are
schematically depicted in the inset in Fig. 6(c). Figure 6(b) shows the
XRD 2θ-ω scans around the (004) reflections of QW and barrier
layers with nominal tw in the range of 4–200 nm in comparison
with a relaxed structure. All κ-Ga2O3 (004) reflections are clearly
shifted to lower angular positions compared to the relaxed sample
corresponding to increased c-lattice constants, i.e., tensile out-of-
plane strain. The c-lattice constants of the QW layers were deter-
mined from the positions of the κ-Ga2O3 (00N) reflections as already
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FIG. 6. (a) RSMs around the asymmetric κ-Ga2O3 (139) reflection for a κ-(Al0.2Ga0.8)2O3 layer grown on a κ-Ga2O3 buffer layer (relaxed) and a single 50 nm κ-Ga2O3 QW
grown coherently between a 100 nm κ-(Al0.2Ga0.8)2O3 buffer layer and a 20 nm κ-(Al0.2Ga0.8)2O3 top layer. (b) XRD 2θ-ω scans around the (004) reflections of a series
of κ-(Al0.3Ga0.7)2O3/κ-Ga2O3/κ-(Al0.3Ga0.7)2O3 single quantum wells with different κ-Ga2O3 QW widths tw as indicated. The sample structure is schematically shown in
the inset in (c). Pulse numbers denote the amount of laser pulses applied for the QW layer. Relaxed denotes a structure consisting of a relaxed κ-Ga2O3 buffer layer and
κ-(Al0.3Ga0.7)2O3 on top for comparison. Diffraction peaks at ≈ 37.5○ are Kβ reflections of the substrate. (c) c-Lattice constant of the κ-Ga2O3 QW layer calculated from the
positions of the respective (00N) reflections in XRD 2θ-ω scans in dependence on tw on a logarithmic scale. The red dashed line corresponds to the value extracted from the
barrier thickness series of the SLs in Fig. 3(d). The green dashed line denotes the c-lattice constant of relaxed κ-Ga2O3. (d) In-plane lattice plane distance d130 calculated
from the position of the (139) reflection of the QW layers in RSM measurements as function of tw on a logarithmic scale. The orange and green dashed lines denote the
values of d130 for the barrier layer and relaxed κ-Ga2O3, respectively. The blue dashed line denotes a fit to the data, and hc denotes the extrapolated critical thickness of the
QW layer for coherent growth.
described before and are plotted in dependence on tw on a logarith-
mic scale in Fig. 6(c). They are exceeding the relaxed value for all
tw and are increasing logarithmically with decreasing tw. This cor-
responds to a decrease in strain with increasing thickness, i.e., the
degree of relaxation is increasing logarithmically with layer thick-
ness similar to InGaAs epilayers on InP.75 Interestingly, the value
of the c-lattice constant for tw = 10 nm is, within the experimental
error, in agreement with the value obtained for the QW layers in the
SLs that were determined above, cf. Figure 3(d).
For the evaluation of the critical thickness, we determined the
in-plane lattice plane distance d130 from the position of the κ-Ga2O3
(139) reflection in RSMs, see Fig. S7(a) in the supplementary mate-
rial for selected RSMs. The positions of the peaks for the QW sam-
ples plotted in reciprocal space are lying on one straight line between
the reflection of the relaxed layer and the projected position for
pseudomorphic growth [Fig. S7(b) in the supplementary material].
This is characteristic of partially relaxed layers with varying residual
strain.55 The larger c-lattice constant for the partially relaxed single
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QW sample with tw = 10 nm than for the coherently grown SL sam-
ples with a 3 nm width QW in Fig. 3 might be due to the large broad-
ening of the reflections of this sample in both 2θ-ω scans and RSM
measurements, thus increasing the experimental error. Additionally,
this sample is already close to the critical thickness estimated below
such that the c-lattice constant should not diverge much from the
fully strained value.
Figure 6(d) shows the determined d130 of the QW layers in
dependence on tw on a logarithmic scale. A logarithmic dependence
as for the c-lattice constant can be observed here as well, only with
the opposite sign of the slope in accordance with standard stress–
strain theory. The apparent decrease in d130 for the 200 nm sam-
ple is within the error range of the measurement and the thickness
uncertainty of the QW layer, which together might cause this effect.
Additionally, it is not uncommon that the slope of the in-plane relax-
ation as function of layer thickness changes its value at a certain
layer thickness, as also observed for, e.g., InGaAs/GaAs heterostruc-
tures.76 The critical thickness hc for coherent growth should be
reached when d130 of the QW layers equals that of κ-(Al0.3Ga0.7)2O3
indicated by the orange dashed line. hc was estimated by the extrap-
olation of a logarithmic fit to the data (blue dashed line) to this
value. Depending on the exact growth rates and thickness of the
QW layer and within the error ranges of the measurements, a lower
limit of hc ≳ 3 nm is estimated, in agreement with the value from the
tw series of the SL samples. Unfortunately, we could not detect a sig-
nal of the QW layer for the 4 nm sample in RSM measurements,
which would be already in this region. Nevertheless, the order of
magnitude of hc of several nm for this Al-content can be given with
certainty, and our SL samples for tw = 3 nm show clear indications of
coherent growth in XRD measurements. Therefore, for application-
relevant QW widths, coherent growth can be assumed also for this
Al-content. However, for a deeper investigation and precise determi-
nation of the critical thickness as well as the exact layer thicknesses
and interface roughnesses, TEM investigations are necessary, which
will be subject to future investigations.
Residual in-plane strain and out-of-plane strain (ε∥ and ε,
respectively) were further calculated using the experimentally deter-
mined values for the lattice constants as well as the values for the
relaxed layers, which are shown in dependence on tw in Fig. S7(c) in
the supplementary material. These are in the order of ε∥ ≥ −1% and
ε ≤ 0.6%. From this, we also assume that coherent growth is possi-
ble for application-relevant QW widths for larger Al-contents than
30 at. %, since typical critical thickness curves73,74 do not show dras-
tic changes in hc when the in-plane lattice mismatch exceeds ≈1%,
see also Fig. S8 in the supplementary material for theoretically cal-
culated curves of hc in comparison with the estimated lower limits
above.
As expected from strain theory, ε is linearly dependent on ε∥,
as shown in Fig. S7(d) in the supplementary material. The propor-
tionality factor is given by the entries of the elastic stiffness tensor Cij
and reads for an orthorhombic system with vanishing out-of-plane
stress and isotropic biaxial in-plane strain,
ε⊥ = −C31 + C32C33 ε∥ ≈ −0.6 ε∥ . (2)
The numerical value in this equation is the one we obtained
experimentally, which is, however, less than that expected from the-
ory [ε ≈ −(0.9–0.97)ε∥ using the constants in Refs. 6, 77, and 78].
Interestingly, calculating Poisson’s ratio by the well-known rela-
tionship ε∥ = −2ν/(1 − ν)ε⊥ gives a value of ν ≈ 0.47, indicat-
ing almost no change in unit cell volume for the biaxially strained
κ-Ga2O3 system, which deviates from theory as well (ν = 0.33–
0.36 in Refs. 6, 77, and 78). However, anisotropic strain relaxation
might be an issue already observed before for other orthorhombic
systems.79–81 Nevertheless, this discrepancy is surely interesting and
should be subject to subsequent investigations. In particular, regard-
ing the evaluation of critical thicknesses in this system, any theory
predicting this value in dependence on in-plane lattice mismatch
such as the Matthews and Blakeslee model,71 the Fischer, Kuhne,
and Richards model,72 or other energy balance models73,74 requires
knowledge about elastic properties such as Poisson’s ratio as well as
the specific relaxation process, dislocation types, and their Burgers
vectors.
It should be noted that the possibility of pseudomorphic growth
for this system is quite surprising, since as mentioned above, thin
films for this modification always show three nanocrystalline rota-
tional domains that cannot be suppressed until now. This means
each columnar rotational domain grows with high quality, smooth
interfaces and coherently strained, similar to nanowire heterostruc-
tures. However, nanowire heterostructures should not be subject to
the Poisson effect58 in contrast to our samples.
C. Optical properties
The optical properties of the barrier and QW thickness series
for xAl = 0.3 were investigated by optical transmission spectroscopy.
Figure 7(a) shows the optical absorption spectra calculated from the
transmission spectra [all original transmission spectra can be found
in Figs. S9(a) and S9(b) in the supplementary material] for the tw
series in comparison with a single κ-(Al0.3Ga0.7)2O3 barrier layer
(black curve). The absorption spectra for the tB series can be found
in Fig. S9(c) in the supplementary material. The data are presented
as (αd)2, with the thickness d of the complete multilayer thin film,
corresponding to a direct optical transition. The samples are trans-
parent in the visible up to the deep UV regime, and absorption only
sets in for photon energies exceeding 5 eV. Further, a blueshift of the
optical absorption edge is apparent when the QW width is decreased.
We estimated the direct optical absorption onset Eabs of our SLs by
extrapolation of the square of the calculated absorption coefficient
(αd)2 to zero absorption according to α2 ∝ E − Eabs. The fits to the
curves are given as dashed lines in Fig. 7(a). Eabs is for all samples
lower in energy than the bandgap of the barrier layer as is apparent
from the extrapolated fits in Fig. 7(a). The extracted Eabs for differ-
ent tw are plotted in Fig. 7(b) as a function of the DLT of the SLs.
Eabs is decreasing almost linearly by ≈ 250 meV when tw is increased
from 1 to 10 nm. The blue dashed line is the expected dependence
of the average bandgap of the SL structure, i.e., the bandgap for the
average Al-content of the SL structure. For a linear increase in the
bandgap with xAl as is given for the κ-modification in the whole
investigated composition range,39,40 this is equal to the thickness
weighted average of the bandgaps of QW and barrier layers, Eg,w and
Eg,B, respectively,
Eg, av (tw, tB) = twEg, w + tBEg,Btw + tB . (3)
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FIG. 7. (a) Optical absorption spectra calculated from transmission spectra of the
QW thickness series of κ-(Al0.3Ga0.7)2O3/κ-Ga2O3 SL heterostructures, as shown
in Fig. 5, plotted as (αd)2 as function of the incident photon energy. d denotes
the total thickness of the SL structure. The black curve denotes a spectrum of a
sample, for which only a κ-(Al0.3Ga0.7)2O3 barrier layer was deposited. Dashed
lines denote linear fits to the data corresponding to a direct optical transition. (b)
and (c) Direct optical absorption onsets of the SL structures with varying tw and
tB, respectively, determined from the extrapolation of linear fits to (αd)2 to zero
absorption in dependence on the DLT of the SL. The orange dashed line equals
the bandgap of the barrier layers. Blue dashed lines denote the thickness averaged
bandgap of QW and barrier layers corresponding to the bandgap for the average
Al-content of the SL.
This curve fits the data surprisingly well, as can be seen in
Fig. 7(b). However, this would imply that Eabs is also dependent on
the barrier thickness and equals the bandgap for the average Al-
content, which should only be possible in two cases. The first case
holds when the wavefunctions in the QW layers overlap due to low
barrier thickness and a new fundamental gap for light absorption is
given due to the formation of subbands as in the simple Kronig–
Penney model.82 The large barrier thickness of ≈20 nm however
excludes the overlapping of wavefunctions of the QWs. They should
then show the behavior of uncoupled single QWs83 whose absorp-
tion should only be dependent on the well thickness without explicit
dependence on barrier thickness as in Eq. (3). The second possibility
is the diffusion of Al atoms into the QW layers. However, this can
also be excluded, since, first, any significant diffusion would dimin-
ish the interface quality resulting in heavily broadened SL fringes if
they can be observed at all and, second, the diffusion would need to
be strong enough that a single homogeneous alloy layer would form
to explain this observation, i.e., no SL. The agreement with the tw
dependence of Eabs might therefore be coincidental.
This argumentation can be further substantiated by investigat-
ing the dependence of Eabs for the tB series. Already from the absorp-
tion spectra and the extrapolated fits of the linear portion given in
Fig. S9(c) in the supplementary material, one can see that Eabs is
almost independent of tB, and only the slope of the linear regime in(αd)2 is varying. The extracted values of Eabs are plotted in Fig. 7(c)
as a function of the DLT. The evolution of Eabs is less pronounced
than for the tw series for a much larger variation in the DLT com-
pared to the tw series (≈100 meV for 40 nm vs ≈ 250 meV for 10 nm).
Furthermore, Eabs is decreasing with increasing DLT, exactly oppo-
site to the behavior expected for the average bandgap of the SLs, and
is diverging to a great extent from the expected trend as given by
Eq. (3) (blue dashed line).
From this, we conclude that the absorption onsets that are
observed are due to transitions from valence band to conduction
band states in the QW layers. Due to the flat evolution of the valence
band41 with xAl for κ-(AlxGa1−x)2O3, holes are not expected to be
localized due to vanishing valence band offsets but can only be
confined due to band bending as a result of polarization jumps at
the interfaces. We therefore suspect that the observed transitions
are between delocalized or weakly localized hole states and local-
ized electron sub-levels in the QW layers. This would also explain
the high sensitivity of Eabs to the QW thickness expected for QW
transitions.84,85 The confinement is expected to be large since the
conduction band offset equals the difference in bandgap energy39,41
(≈700 meV for xAl = 0.3 and ≈1.2 eV for xAl = 0.5). This would give
the possibility of large and tunable intersubband transition ener-
gies of QW electrons for QWIP applications from the far infrared
up to the visible regime. However, the exact type of the involved
QW states still needs to be clarified, e.g., by infrared absorption or
ellipsometry measurements to determine sub-level transition ener-
gies as function of the QW width in comparison with simulations
including still largely unknown material parameters such as the dif-
ference in spontaneous and strain-induced electrical polarizations
and effective masses for the alloy systems.
IV. CONCLUSION
High quality κ-(AlxGa1−x)2O3/κ-Ga2O3 quantum well
superlattice heterostructures were deposited by tin-assisted pulsed
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laser deposition. Sharp SL fringes up to the ninth order in XRD
patterns for a broad range of Al-contents up to 50 at. % in the bar-
rier layers confirm excellent structural quality of the multilayers and
smooth interfaces. VCCS-PLD further was employed to smoothly
vary the composition of the barrier layers employing a single ellip-
tically segmented target, and a precise tunability of the Al-content
without lack of structural quality compared to the use of homoge-
neous targets was confirmed. Examining XRD 2θ-ω scans and RSMs
of SL multilayers with different barrier and QW thicknesses con-
firmed the coherently strained growth of the SL heterostructures for
application-relevant QW widths of 1–3 nm up to high Al-contents of
30 at. %. Furthermore, the precise tunability of layer thicknesses by
the PLD laser pulse number was confirmed, enabling direct access to
transition energies for QWIP applications. By evaluating the strain
state of single QW structures, the critical thickness for coherent
growth of κ-Ga2O3 on κ-(AlxGa1−x)2O3 was estimated to be at least
50 nm and 3–10 nm for xAl = 0.17 and 0.3, respectively, corroborat-
ing these findings. The results further suggest also the possibility of
coherent growth for larger Al-contents in the barrier for application-
relevant QW widths. Optical transmission measurements showed
transparency of the SL structures for xAl = 0.3 up to the deep
UV. Absorption onsets below the bandgap of the barrier layers,
decreasing in energy with increasing QW widths, were determined.
Quasi-alloy formation as origin of the absorption was excluded for
these SL structures, and quantum well transitions were suggested
instead.
These results render SL multilayer heterostructures based on
Ga2O3 in the orthorhombic modification highly promising for
QWIP applications with possible wavelength ranges from the far
infrared up to the visible spectral range. However, additional
investigations by TEM as well as IR spectroscopy are necessary
to provide direct access to the exact critical thicknesses and the
sub-level energies in the multi-QW systems. Up to now, 2DEG
formation in heterostructures still needs to be proven. To fur-
ther enhance the possible wavelength range of intraband transi-
tion energies, incorporation of In in the QW layers should be
investigated.
Additionally, simulations of the SL structures are necessary
to precisely design wavelength ranges of QWIPs. For these, sev-
eral problems should be tackled in the future, since crucial mate-
rial properties for the alloys and also the binary system are still
unknown. These include the spontaneous and strain-induced elec-
trical polarizations, effective masses of charge carriers, and elastic
constants.
SUPPLEMENTARY MATERIAL
See the supplementary material for schematically depicted sam-
ple structures; the growth rates of the barrier layers as a function of
the Al-content; additional XRD 2θ-ω scans and evaluations of the
tB and tw series for xAl = 0.17; DLTs and c-lattice constants of the
tw series for xAl = 0.3; selected RSMs around the SL0 (139) reflec-
tion of the tw series for xAl = 0.17; selected RSMs and evaluations of
the RSM data for the single QW samples for xAl = 0.3; theoretically
calculated curves for hc(xAl) in comparison with the experimental
estimates; and the original transmission spectra as well as additional
absorption spectra for the tB series.
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I. Dódony, B. Pécz, and R. Fornari, “The real structure of ε-Ga2O3 and its relation
to κ-phase,” CrystEngComm 19, 1509–1516 (2017).
29A. Parisini, A. Bosio, V. Montedoro, A. Gorreri, A. Lamperti, M. Bosi,
G. Garulli, S. Vantaggio, and R. Fornari, “Si and Sn doping of ε-Ga2O3 layers,”
APL Mater. 7, 031114 (2019).
30M. Mulazzi, F. Reichmann, A. Becker, W. M. Klesse, P. Alippi, V. Fiorentini,
A. Parisini, M. Bosi, and R. Fornari, “The electronic structure of ε-Ga2O3,” APL
Mater. 7, 022522 (2019).
31V. Gottschalch, S. Merker, S. Blaurock, M. Kneiß, U. Teschner, M. Grundmann,
and H. Krautscheid, “Heteroepitaxial growth of α-, β-, γ- and κ-Ga2O3 phases by
metalorganic vapor phase epitaxy,” J. Cryst. Growth 510, 76–84 (2019).
32M. Kracht, A. Karg, J. Schörmann, M. Weinhold, D. Zink, F. Michel, M. Rohnke,
M. Schowalter, B. Gerken, A. Rosenauer, P. J. Klar, J. Janek, and M. Eickhoff,
“Tin-assisted synthesis of ε-Ga2O3 by molecular beam epitaxy,” Phys. Rev. Appl.
8, 054002 (2017).
33P. Vogt, O. Brandt, H. Riechert, J. Lähnemann, and O. Bierwagen,
“Metal-exchange catalysis in the growth of sesquioxides: Towards heterostruc-
tures of transparent oxide semiconductors,” Phys. Rev. Lett. 119, 196001
(2017).
34D. Tahara, H. Nishinaka, S. Morimoto, and M. Yoshimoto, “Stoichiometric con-
trol for heteroepitaxial growth of smooth ε-Ga2O3 thin films on c-plane AlN tem-
plates by mist chemical vapor deposition,” Jpn. J. Appl. Phys., Part 1 56, 078004
(2017).
35D. Tahara, H. Nishinaka, S. Morimoto, and M. Yoshimoto, “Heteroepitaxial
growth of ε-Ga2O3 thin films on cubic (111) GGG substrates by mist chemical
vapor deposition,” in 2017 IEEE International Meeting on Future Electron Devices,
Kansai (IEEE, 2017), Vol. 47, pp. 48–49.
36H. Nishinaka, N. Miyauchi, D. Tahara, S. Morimoto, and M. Yoshimoto, “Incor-
poration of indium into ε-gallium oxide epitaxial thin films grown via mist chem-
ical vapour deposition for bandgap engineering,” CrystEngComm 20, 1882–1888
(2018).
37R. Jinno, T. Uchida, K. Kaneko, and S. Fujita, “Control of crystal structure of
Ga2O3 on sapphire substrate by introduction of α-(AlxGa1−x)2O3 buffer layer,”
Phys. Status Solidi 255, 1700326 (2018).
38M. Kneiß, A. Hassa, D. Splith, C. Sturm, H. Von Wenckstern, M. Lorenz, and
M. Grundmann, “Epitaxial stabilization of single phase κ-(InxGa1−x)2O3 thin
films up to x = 0.28 on c-sapphire and κ-Ga2O3(001) templates by tin-assisted
VCCS-PLD,” APL Mater. 7, 101102 (2019).
39P. Storm, M. Kneiß, A. Hassa, T. Schultz, D. Splith, H. Von Wenckstern,
N. Koch, M. Lorenz, and M. Grundmann, “Epitaxial κ-(AlxGa1−x)2O3 thin films
and heterostructures grown by tin-assisted VCCS-PLD,” APL Mater. 7, 111110
(2019).
40A. Hassa, C. Sturm, M. Kneiß, D. Splith, H. Von Wenckstern, T. Schultz,
N. Koch, M. Lorenz, and M. Grundmann, “Solubility limit and material prop-
erties of a κ-(AlxGa1−x)2O3 thin film with a lateral cation gradient on (00.1)Al2O3
by tin-assisted PLD,” APL Mater. 8, 021103 (2020).
41T. Schultz, M. Kneiß, P. Storm, D. Splith, H. von Wenckstern, M. Grundmann,
and N. Koch, “Band offsets at κ-([Al, In]xGa1−x)2O3/MgO interfaces,” ACS Appl.
Mater. Interfaces 12, 8879–8885 (2020).
42T. Oshima, Y. Kato, N. Kawano, A. Kuramata, S. Yamakoshi, S. Fujita,
T. Oishi, and M. Kasu, “Arrier confinement observed at modulation-doped
β-(AlxGa1−x)2O3/Ga2O3 heterojunction interface,” Appl. Phys. Express 10,
035701 (2017).
43Y. Zhang, C. Joishi, Z. Xia, M. Brenner, S. Lodha, and S. Rajan, “Demonstration
of β-(AlxGa1−x)2O3/Ga2O3 double heterostructure field effect transistors,” Appl.
Phys. Lett. 112, 233503 (2018).
44Y. Zhang, A. Neal, Z. Xia, C. Joishi, J. M. Johnson, Y. Zheng, S. Bajaj, M. Bren-
ner, D. Dorsey, K. Chabak, G. Jessen, J. Hwang, S. Mou, J. P. Heremans, and
S. Rajan, “Demonstration of high mobility and quantum transport in modulation-
doped β-(AlxGa1−x)2O3/Ga2O3 heterostructures,” Appl. Phys. Lett. 112, 173502
(2018).
45Y. Zhang, Z. Xia, J. Mcglone, W. Sun, C. Joishi, A. R. Arehart, S. A.
Ringel, and S. Rajan, “Evaluation of low-temperature saturation velocity in
β-(AlxGa1−x)2O3/Ga2O3 modulation-doped field-effect transistors,” IEEE Trans.
Electron Devices 66, 1574–1578 (2019).
46S. Krishnamoorthy, Z. Xia, C. Joishi, Y. Zhang, J. McGlone, J. Johnson,
M. Brenner, A. R. Arehart, J. Hwang, S. Lodha, and S. Rajan, “Modulation-doped
β-(Al0.2Ga0.8)2O3/Ga2O3 field-effect transistor,” Appl. Phys. Lett. 111, 023502
(2017).
47S. W. Kaun, F. Wu, and J. S. Speck, “β-(AlxGa1−x)2O3/Ga2O3(010) heterostruc-
tures grown on β-Ga2O3(010) substrates by plasma-assisted molecular beam
epitaxy,” J. Vac. Sci. Technol., A 33, 041508 (2015).
48A. F. M. Anhar Uddin Bhuiyan, Z. Feng, J. M. Johnson, Z. Chen, H.-L. Huang,
J. Hwang, and H. Zhao, “MOCVD epitaxy of β-(AlxGa1-x)2O3 thin films on (010)
Ga2O3 substrates and N-type doping,” Appl. Phys. Lett. 115, 120602 (2019).
49T. Oshima, Y. Kato, M. Imura, Y. Nakayama, and M. Takeguchi,
“α-Al2O3/Ga2O3 superlattices coherently grown on r-plane sapphire,” Appl. Phys.
Express 11, 065501 (2018).
50Y. Kato, M. Imura, Y. Nakayama, M. Takeguchi, and T. Oshima, “Fabrication
of coherent γ-Al2O3/Ga2O3 superlattices on MgAl2O4 substrates,” Appl. Phys.
Express 12, 065503 (2019).
51M. Kneiß, P. Storm, G. Benndorf, M. Grundmann, and H. Von Wenckstern,
“Combinatorial material science and strain engineering enabled by pulsed laser
deposition using radially segmented targets,” ACS Comb. Sci. 20, 643–652 (2018).
APL Mater. 8, 051112 (2020); doi: 10.1063/5.0007137 8, 051112-13
© Author(s) 2020
APL Materials ARTICLE scitation.org/journal/apm
52H. von Wenckstern, M. Kneiß, A. Hassa, P. Storm, D. Splith, and M. Grund-
mann, “A review of the segmented-target approach to combinatorial material
synthesis by pulsed-laser deposition,” Phys. Status Solidi B (published online,
2019).
53M. Lorenz, “Pulsed laser deposition of ZnO-based thin films,” in Transparent
Conductive Zinc Oxide, edited by K. Ellmer, A. Klein, and B. Rech (Springer,
Berlin, Heidelberg, 2008), pp. 303–357.
54M. Lorenz, “Pulsed laser deposition,” in Digital Encyclopedia of Applied Physics
(Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany, 2019), Chap.
eap810, pp. 1–29.
55V. Holý, U. Pietsch, and T. Baumbach, “High-resolution x-ray scattering
from thin films and multilayers,” in Springer Tracts in Modern Physics, edited
by G. Höhler, J. H. Kühn, T. Müller, R. Peccei, F. Steiner, J. Trümper,
P. Wölfle, and E. Niekisch (Springer Berlin Heidelberg, Berlin, Heidelberg, 1999),
Vol. 149.
56S. Zhou, M. Wu, S. Yao, B. Zhang, and H. Yang, “Structural characterization
of AlGaN/GaN superlattices by x-ray diffraction and Rutherford backscattering,”
Superlattices Microstruct. 40, 137–143 (2006).
57M. Wölz, V. M. Kaganer, O. Brandt, L. Geelhaar, and H. Riechert, “Analyzing
the growth of InxGa1−xN/GaN superlattices in self-induced GaN nanowires by
x-ray diffraction,” Appl. Phys. Lett. 98, 261907 (2011).
58M. Wölz, V. M. Kaganer, O. Brandt, L. Geelhaar, and H. Riechert, “Erra-
tum: “Analyzing the growth of InxGa1-xN/GaN superlattices in self-induced GaN
nanowires by x-ray diffraction” [Appl. Phys. Lett. 98, 261907 (2011)],” Appl. Phys.
Lett. 100, 179902 (2012).
59V. S. Speriosu and T. Vreeland, “X-ray rocking curve analysis of superlattices,”
J. Appl. Phys. 56, 1591–1600 (1984).
60Z. Pan, Y. T. Wang, Y. Zhuang, Y. W. Lin, Z. Q. Zhou, L. H. Li, R. H.
Wu, and Q. M. Wang, “Investigation of periodicity fluctuations in strained
(GaNAs)1(GaAs)m superlattices by the kinematical simulation of x-ray diffrac-
tion,” Appl. Phys. Lett. 75, 223–225 (1999).
61Y. Li, J. Die, S. Yan, Z. Deng, Z. Ma, L. Wang, H. Jia, W. Wang, Y. Jiang, and
H. Chen, “Characterization of periodicity fluctuations in InGaN/GaN MQWs by
the kinematical simulation of X-ray diffraction,” Appl. Phys. Express 12, 045502
(2019).
62J. Shao, D. N. Zakharov, C. Edmunds, O. Malis, and M. J. Manfra, “Homo-
geneous AlGaN/GaN superlattices grown on free-standing (11̄00) GaN sub-
strates by plasma-assisted molecular beam epitaxy,” Appl. Phys. Lett. 103, 232103
(2013).
63F. Schubert, U. Merkel, T. Mikolajick, and S. Schmult, “Influence of substrate
quality on structural properties of AlGaN/GaN superlattices grown by molecular
beam epitaxy,” J. Appl. Phys. 115, 083511 (2014).
64M. E. Vickers, M. J. Kappers, T. M. Smeeton, E. J. Thrush, J. S. Barnard, and
C. J. Humphreys, “Determination of the indium content and layer thicknesses
in InGaN/GaN quantum wells by x-ray scattering,” J. Appl. Phys. 94, 1565–1574
(2003).
65C. Chèze, M. Siekacz, F. Isa, B. Jenichen, F. Feix, J. Buller, T. Schulz, M. Albrecht,
C. Skierbiszewski, R. Calarco, and H. Riechert, “Investigation of interface abrupt-
ness and in content in (In,Ga)N/GaN superlattices,” J. Appl. Phys. 120, 125307
(2016).
66L. Tapfer and K. Ploog, “Improved assessment of structural properties of
AlxGa1−xAs/GaAs heterostructures and superlattices by double-crystal x-ray
diffraction,” Phys. Rev. B 33, 5565–5574 (1986).
67S. Hohenberger, J. K. Jochum, M. J. Van Bael, K. Temst, C. Patzig, T. Höche,
M. Grundmann, and M. Lorenz, “Enhanced magnetoelectric coupling in BaTiO3-
BiFeO3 multilayers-an interface effect,” Materials 13, 197 (2020).
68L. Spieß, G. Teichert, R. Schwarzer, H. Behnken, and C. Genzel, Moderne
Röntgenbeugung (Vieweg+Teubner, Wiesbaden, 2009).
69E. Bellet-Amalric, C. Adelmann, E. Sarigiannidou, J. L. Rouvière, G. Feuillet,
E. Monroy, and B. Daudin, “Plastic strain relaxation of nitride heterostructures,”
J. Appl. Phys. 95, 1127–1133 (2004).
70Y. Kotsar, B. Doisneau, E. Bellet-Amalric, A. Das, E. Sarigiannidou, and E. Mon-
roy, “Strain relaxation in GaN/AlxGa1-xN superlattices grown by plasma-assisted
molecular-beam epitaxy,” J. Appl. Phys. 110, 033501 (2011).
71J. W. Matthews and A. E. Blakeslee, “Defects in epitaxial multilayers: I. Misfit
dislocations,” J. Cryst. Growth 27, 118–125 (1974).
72A. Fischer, H. Kühne, and H. Richter, “New approach in equilibrium theory for
strained layer relaxation,” Phys. Rev. Lett. 73, 2712–2715 (1994).
73L. B. Freund and S. Suresh, Thin Film Materials (Cambridge University Press,
2004).
74D. Holec, P. Costa, M. Kappers, and C. Humphreys, “Critical thickness calcula-
tions for InGaN/GaN,” J. Cryst. Growth 303, 314–317 (2007).
75J. Groenen, G. Landa, R. Carles, P. S. Pizani, and M. Gendry, “Tensile and com-
pressive strain relief in InxGa1−xAs epilayers grown on InP probed by Raman
scattering,” J. Appl. Phys. 82, 803–809 (1997).
76V. Krishnamoorthy, Y. W. Lin, L. Calhoun, H. L. Liu, and R. M. Park, “Residual
strain analysis of InxGa1−xAs/GaAs heteroepitaxial layers,” Appl. Phys. Lett. 61,
2680–2682 (1992).
77J. Furthmüller and F. Bechstedt, “Quasiparticle bands and spectra of Ga2O3
polymorphs,” Phys. Rev. B 93, 115204 (2016).
78S.-D. Guo and H.-M. Du, “Piezoelectric properties of Ga2O3: A first-principle
study,” Eur. Phys. J. B 93, 7 (2020); arXiv:1909.08503.
79C. J. Daumont, D. Mannix, S. Venkatesan, G. Catalan, D. Rubi, B. J. Kooi,
J. T. M. De Hosson, and B. Noheda, “Epitaxial TbMnO3 thin films on SrTiO3
substrates: A structural study,” J. Phys. Condens. Matter 21, 182001 (2009).
80X. Marti, V. Skumryev, C. Ferrater, M. V. García-Cuenca, M. Varela, F. Sánchez,
and J. Fontcuberta, “Emergence of ferromagnetism in antiferromagnetic TbMnO3
by epitaxial strain,” Appl. Phys. Lett. 96, 222505 (2010).
81M. Ziese, A. Setzer, R. Wunderlich, C. Zandalazini, and P. Esquinazi, “Angular
dependence of the magnetoelectric effect in orthorhombic HoMnO3 films,” Phys.
Rev. B 84, 214424 (2011).
82R. D. L. Kronig and W. G. Penney, “Quantum mechanics of electrons in crystal
lattices,” Proc. R. Soc. London, Ser. A 130, 499–513 (1931).
83Y. Suzuki and H. Okamoto, “Refractive index of GaAs-AlAs superlattice grown
by MBE,” J. Electron. Mater. 12, 397–411 (1983).
84P. Harrison and A. Valavanis, Quantum Wells, Wires and Dots (John Wiley &
Sons, Ltd., Chichester, UK, 2016).
85G. Coli and K. K. Bajaj, “Excitonic transitions in ZnO/MgZnO quantum well
heterostructures,” Appl. Phys. Lett. 78, 2861–2863 (2001).
APL Mater. 8, 051112 (2020); doi: 10.1063/5.0007137 8, 051112-14
© Author(s) 2020
κ-(Al,Ga)2O3 Superlattices
Growth, Structural and Optical Properties of Coherent
κ-(AlxGa1−x)2O3/κ-Ga2O3 Quantum Well Superlattice Heterostructures
M. Kneiß,1, a) P. Storm,1 A. Hassa,1 D. Splith,1 H. von Wenckstern,1 M. Lorenz,1 and M. Grundmann1
Felix Bloch Institute for Solid State Physics, Universität Leipzig, Linnéstraße 5, 04103 Leipzig,
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FIG. S1. Schematic structures of all investigated samples. (a) and (b) correspond to SLs shown in Fig. 1, for larger Al-contents
than 40 at.%, a κ-Ga2O3 buffer layer was necessary to stabilize the orthorhombic modification. (c) Variation of the Al-content
in the barrier employing an elliptically segmented target as shown in Fig. 2 (a). (d) and (e) Multilayer structures for the
variation of barrier as well as quantum well with tB and tw, respectively. (d) corresponds to samples shown in Figs. 3 and 4 and
(e) to samples depicted in Fig. 5, respectively. (f) and (g) Single QW structures for the estimation of the critical thicknesses
for coherent growth for xAl = 0.2 and 0.3 as given in Fig. 6.
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FIG. S2. Experimentally determined growth rates of the barrier layers in the SL samples as function of xAl for the elliptically
segmented target in comparison to homogeneous targets. The reduced growth rates for low Al-contents for the elliptically
segmented target are due to increased target wear within the inner parts of the target, which however does not diminish the
SL quality.
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FIG. S3. (a) XRD 2θ-ω scans of a series of κ-(Al0.17Ga0.83)2O3/κ-Ga2O3 SL heterostructures, for which the κ-(Al0.17Ga0.83)2O3
barrier width tB was varied from 4 nm to 41 nm as indicated. Pulses in green denote the number of laser pulses applied for each
barrier layer in the SL structure. Non-labeled peaks correspond to SL fringes. (b) Calculated DLT in dependence on the applied
number of laser pulses for each barrier layer. The red solid line is a linear fit to the data. From the slope and extrapolated
y-axis intercept, the growth rate of the barrier layer as well as the quantum well thickness was extracted, respectively. (c)
XRD 2θ-ω scans around the (004) reflections of the SLs in magnified view. The zero-order reflection of the SLs shifts to lower
angular positions with decreasing tB. The shoulder for low tB at the high angle side of the SL0 reflection is caused by the
κ-(Al0.17Ga0.83)2O3 buffer layer. (d) Average c-lattice constant of the SL structures in dependence on the inverse DLT. The
red solid line is a linear fit to the data. From the slope and extrapolated y-axis intercept, the c-lattice constants of the κ-Ga2O3
quantum well and the barrier layer were extracted, respectively.
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FIG. S4. (a) Calculated DLT in dependence on the applied number of laser pulses for each QW layer shown in Fig. 5. The red
solid line is a linear fit to the data. From the slope and extrapolated y-axis intercept, the growth rate of the QW layer as well
as the barrier thickness was extracted, respectively. (b) Average c-lattice constant of the SL structures in dependence on the
inverse DLT. A linear trend is not observable corresponding to a change in lattice constants of the SL layers due to relaxation
processes.
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FIG. S5. (a) XRD 2θ-ω scans of a series of κ-(Al0.17Ga0.83)2O3/κ-Ga2O3 SL heterostructures, for which the κ-Ga2O3 QW
width tw was varied as indicated. Pulses in green denote the number of laser pulses applied for each QW layer in the SL
structure. Non-labeled peaks correspond to SL fringes. (b) Calculated DLT in dependence on the applied number of laser
pulses for each QW layer. The red solid line is a linear fit to the data. From the slope and extrapolated y-axis intercept, the
growth rate of the QW layer as well as the barrier thickness was extracted, respectively. (c) XRD 2θ-ω scans around the (004)
reflections of the SLs in magnified view. The zero-order reflection of the SLs shifts to lower angular positions with increasing
tw. (d) Average c-lattice constant of the SL structures in dependence on the inverse DLT. The red solid line is a linear fit to the
data. From the slope and extrapolated y-axis intercept, the c-lattice constants of the barrier layer and the κ-Ga2O3 quantum
well were extracted, respectively.
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FIG. S6. Selected RSMs of κ-(Al0.17Ga0.83)2O3/κ-Ga2O3 SL heterostructures around the asymmetric κ-(Al0.17Ga0.83)2O3
(139) reflection with QW width tw as indicated. SL0 (139) denotes the position of the zero-order reflection while red asterisks
denote SL fringes. Peaks marked with κ-Ga2O3 (139) are close to the corresponding reflection of the binary QW material.
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FIG. S7. (a) Selected RSMs around the asymmetrical κ-Ga2O3 (139) reflection of single QW heterostructures with xAl = 0.30
in the barrier layers and varying tw as indicated. (139) peak positions of the QW layer denoted as κ-Ga2O3 (139) were used to
calculate the data shown in Fig. 6 (d). (b) Peak positions in reciprocal space extracted from RSMs around the asymmetrical
κ-Ga2O3 (139) reflection for the strained QW layers (black), relaxed κ-Ga2O3 (green) and the relaxed barrier layers (orange).
The QW layers grew strained, but not pseudomorphic. Nevertheless, they are all lying on one straight relaxation line (dashed
red line). (c) In-plane and out-of-plane strain of the QW layers calculated from the lattice constants in dependence on tw
on logarithmic scale. A logarithmic dependence for both is clearly observable. (d) Out-of-plane strain of the QW layers in
dependence on the in-plane-strain. The dashed red line is a linear fit to the data.
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FIG. S8. Experimentally determined lower limits of the critical thickness in comparison to theoretically calculated curves.
The solid boxes are the experimentally determined values, where the error bars for xAl = 0.3 are the uncertainty range of
















. b is the magnitude of the Burgers vector, ν is Poisson’s ratio and λ is the
angle between the Burgers vector and the direction in the interface normal to the dislocation line. Different magnitudes of
the Burgers vector are included since the exact relaxation mechanisms and dislocation types are not known yet for κ-Ga2O3.
Nevertheless, for all curves hc is expected to be greater than 3 nm for Al-contents up to xAl = 0.5. ν and λ do not have drastic




FIG. S9. Transmission spectra of the (a) QW width series and (b) barrier width series of κ-(Al0.3Ga0.7)2O3/κ-Ga2O3 SL
heterostructures as discussed in the section on the optical properties of the SL heterostructures. tw and tB as indicated. (c)
Optical absorption spectra calculated from transmission spectra shown in (b) of the barrier width series of κ-(Al0.3Ga0.7)2O3/κ-
Ga2O3 SL heterostructures as shown in Figs. 3 and 4 plotted as (αd)
2 in dependence on the incident photon energy. d denotes
the total thickness of the SL structure. tB as indicated. Dashed lines are linear fits to the data corresponding to a direct optical
transition. Optical absorption onsets determined from the linear fits extrapolated to zero absorption are plotted in Fig. 7 (c).




The objectives of this thesis were the development and establishment of a novel PLD
technique for the manipulation of chemical compositions of thin film layers based on
one radially-segmented target for sophisticated composition profiles in growth direction
and the application of this technique for the exploration of the metastable orthorhombic
κ-(InxGa1−x)2O3 and κ-(AlxGa1−x)2O3 alloy systems towards the realization of multi-
QW SL heterostructures for QWIP devices. Four sub projects were presented that
tackled these objectives.
The first part was devoted to the establishment of the radially-segmented target
PLD technique called vertical continuous composition spread (VCCS) PLD. Within
the publications in Refs. [E7,E16] this method was introduced and tested on the well-
investigated MgxZn1−xO alloy system based on one elliptically-segmented (outer com-
position/inner composition) Mg0.4Zn0.6/ZnO target. Thin films of this alloy were grown
on Al-doped ZnO buffer layers on c-sapphire substrates. The alloy composition was
reproducibly varied and controlled by the fixed radial position r of the laser spot on the
target surface. It is determined by the time-average of the particle flux composition
given by the path length ratio of the circular laser track on the target surface in the
outer and inner segment that is varying with r. The crystalline and optical quality
evaluated based on broadenings in XRD patterns and low temperature PL spectra as
well as the surface roughness of the layers were on par with MgxZn1−xO thin films
deposited by standard PLD using laterally homogeneous targets. The dependence of
the Mg-content of the layers on r was in sufficient agreement to an analytical model
based on a point-like laser spot and a perfectly elliptical shape of the target that proved
stoichiometric transfer of species from target to thin film layer. The complete compo-
sition range between the two segments of the targets was covered. Several MgxZn1−xO
thin films with a step grading of the chemical composition in growth direction realized
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with up to eight layers with different Mg-content and 20 nm thickness were grown by
an in-situ variation of r. Low temperature PL spectra proved a negligible interdiffusion
of Mg atoms throughout the layers as well as reproducible Mg-contents for each layer
such that abrupt interfaces and a composition grading of thin film heterostructures in
growth direction is feasible.
In Ref. [E7], the technique is reviewed and the numerical modeling of the expected
thin film composition as function of r is refined based on Monte-Carlo-Simulations
to account for non-ideal target shapes and finite laser spot sizes. The experimentally
determined evolution of thin film contents were accurately reproduced by these refine-
ments. Further, in section 3.1.1 an analytical model based on integrated averages over
the laser spot size is presented that can serve as fit function for any desired material
system, such that thin film compositions can be predicted exactly. Additionally, an
alternative target segmentation is proposed in Ref. [E7] based on a heart-shaped inner
segment that exhibits a linear dependency of thin film composition as function of r.
This technique therefore perfectly serves the two requirements for sophisticated device
research given in the introduction. It enables firstly a discrete compositional screen-
ing (DCS) by a series of laterally homogeneous thin films for the precise determination
of alloy properties and, secondly, a vertical continuous composition spread (VCCS)
allowing precise control of the chemical composition in growth direction within het-
erostructure device applications. With this, it is the first PLD technique of its kind
relying only on one radially-segmented target.
The second part dealt with the heteroepitaxial stabilization of κ-Ga2O3 thin films
by PLD utilizing SnO2 doped targets in Ref. [E6]. The tin was found to be neces-
sary for the κ-phase to form, but does not get incorporated as active donor element
in the thin film layer. Without tin, only monoclinic Ga2O3 layers were deposited on
the chosen α-Al2O3 (00.1), MgO (111), SrTiO3 (111) and Y-stabilized ZrO2 (111) sub-
strates. The growth window of this phase was further limited to low oxygen pressures
(p (O2) < 0.02mbar) and high growth temperatures (Tg ≥ 550◦C). A high crystalline
quality of the layers superior to monoclinic thin films at similar growth parameters
was confirmed by XRD and RSM measurements and in- as well as out-of-plane lattice
constants were determined agreeing with literature results. The orthorhombic symme-
try of the unit cell was further confirmed by XRD φ scans and epitaxial relationships
for all utilized substrates determined. The κ-phase was found to crystallize with three
(001)-oriented rotational domains twisted by 120◦ with respect to each other, that
could not have been suppressed by any means until now. Surface roughnesses in the
range of 1 nm were determined, being superior to monoclinic layers grown at the same
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process parameters as well. Large bandgaps of ≈ 4.9 eV in agreement with literature
values were confirmed. In depth-resolved XPS measurements, a several nm thick Sn-
enriched layer was found on the thin film surface without tin in the bulk. Based on
this, a growth model for κ-Ga2O3 was proposed similar to the VLS [112-115] or oxygen-
assisted [116,117] growth of nanowires, where a liquid tin-alloy layer is floating on top
of the growing thin film and κ-Ga2O3 crystallizes at the liquid-solid interface. Within
his master thesis [118], Philipp Storm proposed a refined model including a catalytic
reaction with tin oxides as given by Kracht et al. [52] for MBE growth that occurs
within the liquid alloy, as briefly described in section 2.2.2.
These results provided an excellent basis for the exploration of the In- and Al-alloy
systems of the κ-phase by VCCS PLD and the κ-Ga2O3 thin films represent a suffi-
cient template for further growth of heterostructures.
Within the third part, the κ-(InxGa1−x)2O3 and κ-(AlxGa1−x)2O3 alloy systems
were explored within a DCS by VCCS PLD in Refs. [E2,E8,E9].Ternary alloy thin films
were grown employing tin-doped and elliptically-segmented (In0.4Ga0.6)2O3/Ga2O3 and
(Al0.4Ga0.6)2O3/Ga2O3 targets on α-Al2O3 (00.1) substrates or on κ-Ga2O3 (001) growth
templates. The latter also present the first heterostructures within these alloy systems
for the κ-modification. The chemical composition of the alloy layers as function of r
was found to be in good agreement to the developed numerical models within the first
part, however, a superstoichiometric transfer of Al was found. Epitaxial and relaxed
growth in three rotational domains with (001)-orientation was confirmed for all thin
films in the κ-phase.
The solubility limits of this phase were determined by XRD patterns to be xAl ≈ 0.4
and xIn ≈ 0.3− 0.35 on the α-Al2O3 (00.1) substrates, similar or lower than thin films
grown by lateral CCS PLD in other articles with contribution by the author [E3,E13].
For larger In-contents, phase separation to cubic bixbyite In2O3 occurs and for larger
Al-contents, amorphous growth was observed. The deposition on the template layers
further enhanced the solubility limit in the case of Al remarkably up to xAl ≈ 0.65,
which was not observed in the case of the In-alloy. Nevertheless, these solubility limits
are by far the highest reported in literature to date. Further, a significant increase
in crystalline quality was achieved in both cases by the growth on κ-Ga2O3 (001).
Smooth surfaces with roughnesses in the low nm regime, suitable for the growth of
heterostructures, were confirmed for all phase pure layers with lower roughness values
down to less than one nm in the case of the Al alloy system.
In- and out-of-plane lattice constants were determined by XRD and RSM measure-
ments. The lattice constants were found to linearly increase by In-incorporation and
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(a) (b)
Figure 5.1: Summary of (a) in-plane lattice plane distance d130 and out-of-plane c-lattice
constant and (b) Eg as function of xAl and xIn for the alloy systems of κ-Ga2O3. Closed
symbols are data on VCCS PLD thin films extracted from articles within this cumulative
thesis [E8,E9], open symbols are data on thin films grown by lateral CCS from other articles
with contribution from the author [E3,E13]. Dashed lines are linear fits to the data on VCCS
PLD thin films.
to linearly decrease upon Al-incorporation. Especially the in-plane lattice constants,
not accessible by a lateral CCS, are crucial for the calculation of in-plane strains in
heterostructures that determine critical thicknesses and piezoelectric polarization fields
of the strained layer. In contrast, the optical bandgaps of the layers were found to lin-
early decrease in the case of the In-alloy and to linearly increase for the Al-alloy system.
Bandgap tuning from 4.1 eV up to 6.4 eV is feasible within the phase pure limits when
the dependencies for the Al-alloy are extrapolated to the highest Al-content. The re-
sults are summarized in Fig. 5.1 in comparison to results for the lateral CCS samples
from Refs. [E3,E13] and a good agreement was found.
In Ref. [E2], XPS measurements were performed on heterostructures of the κ-phase
alloy layers with MgO as reference dielectric to determine the evolution of band offsets
crucial for QWIP applications. A negligible variation of the energetic position of the
valence band maximum as function of In- or Al-content in the alloy layers was found.
This implies that the variation in bandgap in Fig. 5.1 equals the conduction band off-
sets that are the confinement potential in the quantum wells within QWIP structures.
A large detectable wavelength range from far infrared up to the visible spectral range
for intersubband transitions within tuned κ-(InxGa1−x)2O3/κ-(AlyGa1−y)2O3 QWIP
heterostructures are therefore feasible while visible or even solar-blind transparency of
the device is still ensured.
Based on these results and literature values for spontaneous polarizations as well as
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piezoelectric and elastic constants of the orthorhombic sesquioxides, the theoretically
expected polarization-induced interface charge densities at κ-(InxGa1−x)2O3/κ-Ga2O3
and κ-(AlxGa1−x)2O3/κ-Ga2O3 heterointerfaces were estimated as function of x in sec-
tion 2.2.3, which is an indicator for possible 2DEG densities. Maximum values of
≈ 2 · 1013 cm−2 in the case of Al and ≈ 6 · 1013 cm−2 for the In-alloy system are on
par or larger than for typical AlxGa1−xN/GaN heterostructures [128] corroborating the
large potential of this phase for QWIP or HEMT applications.
For the last part, first κ-(AlxGa1−x)2O3/κ-Ga2O3 multi-quantum well (QW) su-
perlattice (SL) heterostructures consisting of 15 double layer pairs are presented in
Ref. [E1]. Within a large variation of possible Al-contents in the barrier layers by
VCCS PLD of up to xAl ≈ 0.5, sharp SL fringes were found in XRD patterns up to the
ninth order around the SL0 (002) reflection. This corroborates abrupt interfaces with
interface roughnesses in the range of a few monolayers. QW and barrier thicknesses
were varied in a broad range for fixed Al-contents of the barrier layers of xAl = 0.17
and xAl = 0.3. In XRD and RSM measurements, sharp SL fringes were found for
all thickness combinations. Further, coherent growth of the SL structures, important
for the performance of heterostructure devices, with a compressively strained κ-Ga2O3
QW and relaxed barriers, was confirmed for all barrier thicknesses and a fixed QW
thickness of 3 nm in the case of both Al-contents. When the thickness of the strained
QW was varied for a barrier thickness of 20 nm, coherent growth of the structures
seems only feasible for xAl = 0.3 up to a QW width of less than 6 nm, but for all QW
thicknesses up to ≈ 40 nm in the case of xAl = 0.17. The critical thickness for coherent
growth was estimated by XRD and RSM measurements on single QW heterostructures
with xAl = 0.2 and 0.3, respectively. In the first case, a value of the critical thickness
of at least 50 nm was confirmed, while for the larger Al-content a critical thickness of
only 3 − 10 nm was estimated in agreement with the results on the SLs. Neverthe-
less, a coherent growth for all application-relevant QW widths in the range of 1-3 nm
is therefore feasible. Optical transmission measurements confirmed absorption onsets
below the bandgap energy of the κ-(Al0.3Ga0.7)2O3 barrier layer in investigated SLs
decreasing in energy with increasing QW widths, while the energetic position for a
varying barrier width stayed roughly constant. This was attributed to transitions be-
tween localized electron sublevels and partially localized hole levels in decoupled QWs
such that indeed quantum-confinement effects take place.
This study therefore confirms the large potential of the κ-phase of the alloy systems of
Ga2O3 towards sophisticated QWIP applications.
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In conclusion, within this cumulative thesis and the included publications, a novel
PLD technique both to perform a fast discrete compositional screening (DCS) of alloy
systems for a precise determination of their properties as well as for the precise control
of the chemical composition of thin film layers for sophisticated heterostructure devices
was developed and established. Further, this technique was utilized to explore the In- as
well as Al-alloy systems of the metastable κ-phase of Ga2O3 towards their application
in visible and solar-blind QWIP structures. The resulting database on the properties
of these ternary alloy systems is by far the most detailed and conclusive to date. The
gained knowledge about the ternary alloy systems was then utilized to demonstrate
the coherent growth of worldwide first κ-(AlxGa1−x)2O3/κ-Ga2O3 SL heterostructures
up to large Al-contents, which confirms the large potential of this phase.
Outlook
Although many properties of the alloy phases of κ-Ga2O3 were precisely determined
that are needed for the simulation and design of QWIP structures, many are still
largely unknown. To unambiguously confirm the potential of this modification, further
research should focus on the experimental determination of the spontaneous electrical
polarizations of the binary material and the ternary alloy systems as function of the
composition. Until now, there is still a large discrepancy between first experimental
results for the binary system [46] and theoretically calculated values [31-33]; the evolu-
tion for the ternary alloys is completely unknown. The same is true for the elastic and
piezoelectric constants, which are also crucial for the simulation of strain-induced po-
larization fields. Further, the suppression of the three rotational domains, preventing
the lateral transport at least for PLD grown layers, was still not successful no matter
the growth technique. Additionally, 2DEG formation still needs to be verified and
infrared absorption between electronic sublevels needs to be experimentally proven.
As prerequisite for the application in optoelectronic devices, Schottky and Ohmic con-
tacts to κ-Ga2O3 and the ternary alloys need to be implemented. At last, to enhance
the confinement and possible 2DEG densities of the SL heterostructures, In should be
incorporated into the QW layers.
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List of Abbreviations
2DEG two-dimensional electron gas
AFM atomic force microscopy
ALD atomic layer deposition
ARPES angular resolved photoelectron spectroscopy
CCS continuous composition spread
CVD chemical vapor deposition
DCS discrete compositional screening
DLT double layer thickness
ED edge dislocation
EDX energy dispersive X-ray spectroscopy
FWHM full-width at half maximum
HEMT high electron mobility transistor
HVPE halide vapor phase epitaxy
ITO indium tin oxide - highly Sn-doped In2O3
LED light emitting diode
LMBE laser-assisted molecular beam epitaxy (PLD in high-vacuum conditions)
LPCVD low-pressure chemical vapor deposition




MOCVD metal-organic chemical vapor deposition
MOVPE metal-organic vapor phase epitaxy
PAMBE plasma-assisted molecular beam epitaxy
PL photoluminescence
PLD pulsed laser deposition
PVD physical vapor deposition
QW quantum well
QWIP quantum well-infrared photodetector
RSM reciprocal space map
SD screw dislocation
SL superlattice
UPS ultraviolet photoelectron spectroscopy
VCCS vertical continuous composition spread
VLS vapor-liquid-solid
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Complex semiconductor heterostructures in devices are nowadays part of our daily life.
As active component in light emitting diodes, they illuminate homes [1–4] and in quantum
well infrared photodetector (QWIP) heterostructures, multi-QW superlattices (SLs) de-
tect thermal radiation in modern infrared cameras [5–9]. Such QWIPs rely on transitions
between quantized electron sublevels within multi-QW heterostructures. The special fea-
ture of these devices is the fact that they are transparent below the bandgap Eg of the
QW material. When Eg is increased above the visible or even towards the deep UV spec-
tral range, devices transparent to the human eye or solar-blind devices would be feasible.
Wide-bandgap QWIP applications might then be utilized as infrared cameras integrated
within the visors of firefighter helmets to search for missing persons in fires or in extrater-
restrial astronomy for infrared mapping in outer space.
Metastable orthorhombic κ-Ga2O3 is a promising candidate for such solar-blind QWIP
applications. It exhibits a similar large Eg of ≈ 4.9 eV [10–14] as the already inten-
sively investigated thermodynamically stable monoclinic phase of Ga2O3 and bandgap
engineering for QW heterostructures is possible by alloying with In (Eg ↓) or Al (Eg ↑).
Further, it is the only known polymorph that is expected to exhibit a large spontaneous
electrical polarization of ≈ 26µC/cm2 [15] along its c-direction. This would enable po-
larization doping, i.e. the discontinuity in polarization at the interfaces to Al- or In-alloy
layers causes polarization charges that are compensated by free electrons to form a two-
dimensional electron gas (2DEG), which is utilized to populate the ground state of QWs
without extrinsic doping. The polarization of κ-Ga2O3 is one order of magnitude larger
than for GaN [16], such that even higher 2DEG densities can be expected than in state of
the art AlGaN/GaN heterostructures [17–19]. However, reports on the In- and Al-alloy
systems are scarce [12, 20] and the composition-dependent variation of bandgaps, band
offsets, lattice constants and polarizations largely unknown.
State of the art QWIP structures [6] rely on carefully designed bandstructure, doping,
strain as well as polarization profiles in growth direction for efficient device performance.
Therefore, research on such devices requires two prerequisites on the thin film deposition
technique: First, a complete compositional screening of the alloys for laterally homo-
geneous samples needs to be possible to gain precise knowledge of the alloy properties.
Second, reproducible and controllable variation of the chemical composition of thin films
in growth direction must be feasible. Pulsed laser deposition (PLD) [21] unfortunately
lacks both of these requirements within its standard process. It relies on the ablation of
ceramic target pellets and subsequent formation of a plasma in a vacuum chamber by
a high-energy laser. The particles in the plasma then condense on a heated substrate.
A complete screening of an alloy system typically requires a large number of different
targets whose stoichiometry determines the particle flux composition in the PLD plasma.
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Additionally, the amount of layers with different chemical composition that can be de-
posited on top of each other is limited by the number of targets in the PLD chamber. A
technique is therefore needed that relies on the ablation of one segmented target enabling
direct control of the particle flux composition.
The objectives of this thesis can therefore be summarized in two points:
• Implementation of an appropriate PLD technique based on segmented targets.
• Stabilization, optimization and exploration of orthorhombic κ-Ga2O3 and its In- as well
as Al-alloy systems employing this technique to exploit their potential for QWIPs.
In the first part of this thesis, such a PLD technique called vertical continuous composition
spread (VCCS) PLD based on radially-segmented targets is established and demonstrated
on the well-known MgxZn1−xO alloy system. The particle flux composition in the PLD
plasma was controlled by the radial position r of the PLD laser spot on the target surface
of a single elliptically-segmented target. The composition was varied in a broad range of
0 ≤ x ≤ 0.4 and the thin films were shown to exhibit the same structural and optical
quality as samples deposited by standard PLD. Further, first composition-graded layers
are presented that are composed of up to eight layers deposited with an in-situ change
of r. In addition, numerical modeling techniques were developed reproducibly predicting
the thin film composition as function of r.
In the second part, κ-Ga2O3 thin films are stabilized on several different substrates by
standard PLD utilizing tin-doped targets. The thin films in the orthorhombic modifica-
tion showed superior crystalline quality and lower surface roughnesses (down to one nm)
than monoclinic layers grown at the same process parameters. The tin was found to be
essential for the stabilization of the κ-phase and a growth model based on a liquid tin
layer floating on top of the growing thin film acting as surfactant was developed.
The third part is devoted to the exploration of the ternary In- and Al-alloy systems of κ-
Ga2O3 by the VCCS PLD technique. Employing only one radially-segmented PLD target
per alloy system, the complete composition range in the orthorhombic modification was
screened and crucial alloy properties for QWIP device design such as in- and out-of-plane
lattice constants, bandgaps as well as band offsets were determined. The found solubility
limits of xIn . 0.35 and xAl . 0.65 are the highest up to date. Bandgap engineering
from 4.1 eV up to 6.4 eV is feasible within these limits and the conduction band offsets in
heterostructures are equal to the differences in Eg corresponding to possible wavelength
ranges of QWIPs from the far IR up to the visible spectral range. Calculations based
on these results confirmed possible polarization charge densities in κ-Ga2O3 based het-
erostructures on par or larger than in the AlGaN/GaN system corroborating their high
potential for QWIP applications.
In the last part, first coherently grown 15 layer pair κ-(AlxGa1−x)2O3/κ-Ga2O3 SL het-
erostructures are presented. By VCCS PLD, the occurrence of sharp SL fringes up to high
orders in XRD patterns, confirming smooth interfaces of the order of few monolayers, were
observed up to xAl = 0.5. Critical Ga2O3 thicknesses for coherent growth were found to
be at least 3 nm for all Al-contents being sufficient for QWIP devices. Optical absorption
onsets of the SL structures were assigned to transitions between localized states in the
single QWs of the SLs corroborating the applicability of this crystallographic modification
for QWIP structures.
In conclusion, the complete research path from establishment of a novel PLD technique
over the exploration of two largely unknown ternary alloy systems towards their appli-
cation in superlattice heterostructures was presented in this thesis. The database on
physical properties of the alloy layers is the most conclusive up to date and (already)
enables a tailored design of QWIPs.
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